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FOREWORD 

The p r e s e n t  r e p o r t  i s  one of a s e r i e s  of s i x  r e p o r t s ,  publ i shed  s imul -  
taneously,  which d e s c r i b e  analyses  and computational procedures fo r :  1) pre- 

d i c t i o n  of t h e  in-depth response of charr ing a b l a t i o n  m a t e r i a l s ,  based on one- 
dimensional thermal streamtubes of a r b i t r a r y  c ros s - sec t ion  and cons ider ing  

gene ra l  s u r f a c e  chemical and energy.balances,  and 2 )  nons imi la r  s o l u t i o n  of 
chemically r e a c t i n g  laminar boundary l aye r s ,  wi th  an approximate formulation 
f o r  unequal d i f f u s i o n  and thermal d i f f u s i o n  c o e f f i c i e n t s  f o r  a l l  species and 

with a g e n e r a l  approach t o  t h e  thermochemical s o l u t i o n  of mixed equilibrium- 
nonequilibrium homogeneous o r  heterogeneous systems. P a r t  I s e r v e s  a s  a 
summary r e p o r t  and d e s c r i b e s  a procedure for  coupl ing  t h e  c h a r r i n g  a b l a t o r  

and boundary l a y e r  r o u t i n e s .  The cha r r ing  a b l a t o r  procedure i s  descr ibed  i n  
P a r t  11, whereas t h e  fluid-mechanical aspects of t h e  boundary l a y e r  and the  

boundary-layer s o l u t i o n  procedure a r e  t r e a t e d  i n  P a r t  111. The approximation 

f o r  multicomponent t r a n s p o r t  p r o p e r t i e s  and t h e  thermochemistry model a r e  
descr ibed  i n  Parts I V  and V, r e s p e c t i v e l y .  F i n a l l y ,  i n  P a r t  V I  an ana lys i s  

i s  p resen ted  f o r  t h e  in-depth response of cha r r ing  m a t e r i a l s  t a k i n g  i n t o  ac- 
count char -dens i ty  bu i ldup  near  t h e  surface due t o  coking r e a c t i o n s  i n  depth. 

The t i t l e s  i n  t h e  series a re :  

P a r t  I Summary Report: An Analysis of the Coupl6d Chemically Reacting 
Boundary Layer and Charr ing  Ablator, by R. M. Kendall, E. P. 
B a r t l e t t ,  R. A. Rindal, and C .  B. Moyer. 

P a r t  I1 F i n i t e  Di f fe rence  So lu t ion  for t h e  In-depth Response o f  Charring 
Mate r i a l s  Considering Surface  Chemical and Energy Balances, by 
C .  B. Moyer and R. A. Rindal.  

P a r t  I11 Nonsimilar So lu t ion  of t h e  Multicomponent Laminar Boundary Layer 
by an I n t e g r a l  Matrix Method, by E. P. B a r t l e t t  and R. M. Kendall. 

P a r t  I V  A Uni f ied  Approximation f o r  Mixture Transpor t  p r o p e r t i e s  f o r  M u l t i -  
component Boundary-Layer Applications,  by E. P. Ba r t l e t t ,  R. M. 
Kendall ,  and R. A. Rindal. 

P a r t  V A General Approach t o  t h e  Thermochemical So lu t ion  of Mixed Equilib- 
rium-Nonequilibrium, Homogeneous o r  Heterogeneous Systems, by 
R. M. Kendall. 

P a r t  V I  An Approach f o r  Charac t e r i z ing  Charring Abla tor  Response wi th  In- 

This  e f f o r t  was conducted f o r  t h e  S t ruc tu res  and Mechanics Div is ion  of 
t h e  Manned Spacec ra f t  Center ,  Nat iona l  Aeronautics and Space Adminis t ra t ion  

under Con t rac t  No. NAS9-4599 t o  Vidya Division of I t e k  Corpora t ion  wi th  M r .  

Donald M. Curry and M r .  George S t rouha l  as t h e  NASA Technical Monitors. The 
work was i n i t i a t e d  by t h e  p r e s e n t  authors  while a t  Vidya and was completed 

by Aerotherm Corpora t ion  under subcontract  t o  Vidya (P.O. 8471 V9002) a f t e r  

Aerotherm purchased t h e  phys ica l  a s s e t s  of t h e  Vidya Thermodynamics Depart- 
ment.  D r .  Robert  M. Kendall of Aerotherm was t h e  Program Manager and Prin-  
c i p a l  I n v e s t i g a t o r .  

depth  Coking Reactions,  b y  R. A. Rindal.  

iii 
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ABSTRACT 

The a n a l y s i s  of a cha r r ing  a b l a t i o n  mater ia l  which may undergo subsurface 

coking of t h e  py ro lys i s  gas i s  considered. Coking r eac t ions  considered include 

thermal c racking  of gaseous hydrocarbons r e s u l t i n g  i n  p r e c i p i t a t i o n  of carbon 
onto t h e  char  l a y e r  and, a t  h ighe r  temperatures, t h e  subsequent i n t e r n a l  chem- 

i c a l  e ros ion  o f  t h e  char  s t r u c t u r e  by th,e gaseous py ro lys i s  products.  A gen- 
e r a l i z e d  type of a b l a t i o n  m a t e r i a l  is  defined which c o n s i s t s  of i n e r t ,  carbon, 
and r e a c t i v e  c o n s t i t u e n t s .  Three types of subsurface r e a c t i o n s  a r e  considered, 
1) decomposition of u p  t o  t h r e e  organic  cons t i t uen t s  t o  form i n i t i a l  char  and 
p y r o l y s i s  gas products,  2) k i n e t i c a l l y  con t ro l l ed  decomposition of the pyrol-  
y s i s  gas r e s u l t i n g  i n  carbon p r e c i p i t a t i o n  and char  d e n s i f i c a t i o n ,  and 3) a t  
h igh  temperatures,  chemical e ros ion  of the  subsurface char  mat r ix  b y  the py- 
r o l y s i s  products according t o  t h e  d i c t a t e s  of chemical equi l ibr ium. A model 

i s  considered f o r  eva lua t ing  t h e  p re s su re  d i s t r i b u t i o n  through t h e  cha r  l a y e r  
of v a r i a b l e  permeabi l i ty .  D i f f e r e n t i a l  equations a r e  developed t o  r ep resen t  
t h e  t r a n s f e r  of mass, energy, and momentum wi th in  t h e  framework of t h e  postu- 
l a t e d  phenomenological model, and t h e  d i f f e r e n t i a l  equat ions are subsequently 
c a s t  i n t o  f i n i t e  d i f f e r e n c e  form s u i t a b l e  fo r  coding i n t o  a computer program. 

V 
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AN APPROACH FOR CHARACTERIZING CHARRING ABLATOR RESPONSE 
WITH IN-DEPTH COKING REACTIONS 

SECTION 1 
I NT RODUCT I ON 

The t h e o r e t i c a l  c h a r a c t e r i z a t i o n  of ablat ion phenomena has  rece ived  
cons iderable  a t t e n t i o n  during t h e  p a s t  decade. p a r t  11 of t h e  p re sen t  s e r i e s  
(Ref. 1) includes a p a r t i a l  bibliography on the  sub jec t  which includes 
r e fe rence  t o  a number of i n v e s t i g a t i o n s  d i r ec t ed  toward mathematical char- 

ac t e r i zaL ion  of var ious a spec t s  r e l a t i n g  t o  the subsurface behavior of 
p a r t i c u l a r  m a t e r i a l  c l a s s e s ,  t o  thermochemical i n t e r a c t i o n s  between a cha r r ing  

a b l a t o r  and i t s  environment, and t o  var ious ma te r i a l  removal regimes which 
d i c t a t e  t h e  magnitude of su r face  r eces s ion .  This  r epor t  i s  d i r e c t e d  toward a 
p o t e n t i a l l y  important a spec t  of charr ing mater ia l  response t h a t  has  rece ived  
l i t t l e  a t t e n t i o n  previously.  Consideration is given t o  the  a b l a t i o n  of a 

cha r r ing  m a t e r i a l  which may undergo in-depth coking r e a c t i o n s  and a mathematical 
formulation is proposed f o r  sys t ema t i ca l ly  evaluat ing t h e  e x t e n t  and e f f e c t s  of 

forward and r eve r se  coking r eac t ions  within the c o n s t r a i n t  of conserving chemical 
elements in-depth and a t  the hea ted  su r face .  The equat ions a r e  c a s t  i n  f i n i t e  

d i f f e r e n c e  form appropr i a t e  f o r  coding i n t o  a computer program. 

The mathematical model proposed herein r ep resen t s  a n  ex tens ion  of t h a t  
p resented  i n  References (1-4) i n  t h a t  ce r t a in  chemical r e a c t i o n s  b e t w e e n  gaseous 
organic  p y r o l y s i s  products and t h e  char layer a r e  considered. Experimental 

r e s u l t s  presented i n  References 5 and 6 reveal t h a t  s i g n i f i c a n t  d e n s i f i c a t i o n  
of the char l aye r  may occur near t h e  heated surface.  The model descr ibed  i n  

t h i s  r e p o r t  i s  based upon t h e  assumption tha t  t h e  d e n s i f i c a t i o n  r e s u l t s  from 
a c e r t a i n  c l a s s  of chemical r e a c t i o n s  which cause a t r a n s f e r  of carbon between 
t h e  p y r o l y s i s  products and t h e  char l a y e r .  These r e a c t i o n s  include t h e  pre-  
c i p i t a t i o n  of carbon from the hydrocarbon containing p y r o l y s i s  products wi th  

a t t e n d a n t  deposi t ion upon the char  ( cok ing) ,  and the  r eve r se  r e a c t i o n  evidenced 
by erosion of t he  carbonaceous char with at tendant  add i t ion  of carbon t o  the  
gaseous py ro lys i s  products.  The forward and r eve r se  coking r e a c t i o n s  may occur 
i n  t he  low and high temperature regions of the char l aye r  r e s p e c t i v e l y ,  and 

a r e  of i n t e r e s t  because the  permeabili ty of t h e  char l aye r  is decreased by 
coking which may r e s u l t  i n  high gas pressures i n  depth. High p res su re  i n  depth 
may yive r i s e  t o  excessive char stress which may produce c a t a s t r o p h i c  f a i l u r e  
of t h e  char l aye r .  The technique described he re in  includes cons ide ra t ion  of 
i n t e r n a l  p re s su re  build-up r e s u l t i n g  from pyrolysis  product flow throhgh a 

char l aye r  , of v a r i a b l e  permeabi l i ty .  



The model s e l e c t e d  t o  r ep resen t  t h e  m a t e r i a l  s t a t e  i n  depth i s  presented  
f i r s t ,  i n  Section 2 ;  t he  conservation equat ions  fo r  chemical s p e c i e s ,  energy, 
and momentum a r e  presented next ,  i n  Sec t ion  3 ;  and a r e  followed, i n  Sect ion 4 ,  
by the  f i n i t e  d i f f e r e n c e  r ep resen ta t ion  of t he  d i f f e r e n t i a l  equat ions.  

SECTION 2 
DESCRIPTION OF THE PHYSICAL PROCESS 

I n  t h i s  s e c t i o n  t h e  type of a b l a t i v e  m a t e r i a l  being considered i s  

described and t h e  general  types of r e a c t i o n s  which a r e  allowed t o  occur a r e  
i d e n t i f i e d .  The model s e l ec t ed  i s  be l ieved  t o  enable considerat ion of t he  
most important thermochemical i n t e r a c t i o n s  c o n t r o l l i n g  t h e  in-depth response 
of a wide v a r i e t y  of a b l a t i o n  m a t e r i a l s  c u r r e n t l y  being considered f o r  hea t  

shielding app l i ca t ions .  

In i t s  undecomposed s t a t e  t he  a b l a t i o n  m a t e r i a l  i s  taken t o  be composed 
of two b a s i c  types of cons t i t uen t s :  1) i n e r t ,  and 2 )  r e a c t i v e .  The i n e r t  
cons t i t uen t s  w i l l  c o n s i s t  of ma te r i a l s  which a r e  not permitted t o  undergo 
molecular changes i n  depth,  e . g . ,  s i l i c a  o r  o the r  metal oxide reinforcements.  
The r eac t ive  c o n s t i t u e n t s  may c o n s i s t  of organic  m a t e r i a l s ,  carbon or g r a p h i t e  
reinforcements,  and water of c r y s t a l i z a t i o n  of r e in fo rc ing  f i b e r s ,  f o r  example. 
Carbon and g r a p h i t e  a r e  included i n  t he  l i s t  of r e a c t i v e  c o n s t i t u e n t s  because 
they may be vaporized i n  depth o r  be eroded chemically by the  gaseous products 
of other r e a c t i v e  c o n s t i t u e n t  p y r o l y s i s  products.  The following, i d e a l i z e d ,  
i r r e v e r s  b l e  r eac t ion  c h a r a c t e r i z e s  t h e  i n i t i a l  decomposition of t h e  composite. 

I n e r t  + Reactive + I n e r t  + Carbon (S) + Gas (0)  (1) 

A s  noted from t h i s  r e l a t i o n ,  t h e  i n e r t  c o n s t i t u e n t  does not take p a r t  i n  t h e  
r eac t ion ,  but  i s  simply t r anspor t ed  from a c o n s t i t u e n t  i n  t he  v i r g i n  p l a s t i c  

t o  a cons t i t uen t  i n  t he  i n i t i a l  decomposed ma te r i a l .  The r e a c t i v e  c o n s t i t u e n t s ,  
on the  o the r  hand, do undergo a change i n  molecular conf igu ra t ion  and phase,  
however, t h e  products of t h i s  i n i t i a l  r e a c t i o n  may c o n s i s t  of only two 
c o n s t i t u e n t s ,  s o l i d  carbon, and an i n i t i a l  p y r o l y s i s  gas ( gas ( 0 ) ) .  Reaction 
(1) should be looked upon a s  a r e a c t i o n  which s p l i t s  t h e  v i r g i n  m a t e r i a l  i n t o  

t h r e e  d i s t i n c t  p a r t s ,  each having a f ixed  q u a n t i t y  of chemical e l e m e n t s .  
Previous i n v e s t i g a t i o n s  ( e . g . ,  Refs. 1-4) consider  no f u r t h e r  chemical 
r eac t ions  between the py ro lys i s  products and the  char .  Indeed, f u r t h e r  
decomposition of t he  py ro lys i s  gas t o  y i e l d  a d i f f e r e n t  gas composition may 

be t r e a t e d  by previous models, bu t  decomposition t o  y i e l d  p r e c i p i t a t i o n  of 
carbon onto the  char (coking) may not be t r e a t e d  wi th  these  models. I n  t h e  

present formdlat ion,  t he  i n i t i a l  py ro lys i s  i s  t r e a t e d  by Reaction (1). The 
gas elemental composition r e s u l t i n g  from t h i s  i n i t i a l  decomposition i s  f ixed  
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b u t  f u r t h e r  r eac t ions  a r e  allowed and w i l l  be d iscussed  subsequently.  , I t  

should be pointed out  t h a t  even though t h e  i n i t i a l  gas  composition is  'fixed 
with r e spec t  t o  i t s  elemental  composition, i t s  molecular composition w ' i l l  

depend upon t h e  temperature and pressure  a t  the poin t  where decompositfon 

occurs .  I d e a l l y ,  t he  elemental  composition o f  t h e  gas  evolved a t  a po in t  
should depend upon t h e  p a r t i c u l a r  r e a c t i v e  cons t i t uen t  which i s  undergoing 
decomposition a t  t h a t  p o i n t ,  e .g .  f o r  nylon-phenolic; nylon would decompose 

f i r s t  t o  y i e l d  something l i k e  
p o s i t i o n  of phenol ic  t o  y i e l d  something l i k e  
The inc lus ion  of such d e t a i l e d  cons idera t ions  i n  a computational scheme, 
however, would r ep resen t  a r a t h e r  ex tens ive  e f f o r t  which i s  not  be l ieved  

warranted f o r  the small  gain i n  accuracy which would r e s u l t .  The approach 
taken,  t h e r e f o r e ,  i s  t o  cons ider  t h e  e l e m e n t a l  composition of t he  i n i t i a l  

py ro lys i s  gases  t o  r ep resen t  t h e  elemental  composition of a l l  gaseous py ro lys i s  
products  taken  c o l l e c t i v e l y .  The i n i t i a l  off-gas e lemental  composition, 

C6H110N , which would be followed by decom- 

C3H60 a t  h igher  temperature.  

5 , may then be obtained by sub t r ac t ing  t h e  quan t i ty  of chemical e l e m e n t s  
Kk,s ,O 
contained i n  a labora tory  produced char  from t h e  chemical e l e m e n t s  contained 

i n  t h e  

where 

- 
Kk,g ,o  

m 

m 
P 

C 

- 
kP 

K 

Kkc 
Y 

v i r g i n  p l a s t i c .  

(k = H , C , N , O ,  e .g . )  

r ep resen t s  t h e  mass of  element k per u n i t  mass of gas  i n i t i a l l y  
evolved 

mass of v i r g i n  p l a s t i c  sample 

mass of char  a f t e r  decomposing i n  an i n e r t  atmosphere a t  a moderate 
temperature  (2 ,000  - 3 , OOOOR) 
mass of e l e m e n t  k per u n i t  mass of v i r g i n  p l a s t i c  

mass of e l e m e n t  k per u n i t  mass of char .  

Af t e r  t h e  i n i t i a l  decomposition gas  i s  formed, it w i l l  p e r c o l a t e  through 
t h e  char  l aye r  toward t h e  heated sur face  which w i l l  r e s u l t  i n  an increased gas  

temperature  and decreased pressure .  The change i n  pressure  and temperature  

w i l l  cause t h e  i n i t i a l  gas  products  (gas  ( 0 ) )  t o  undergo numerous chemical 
r e a c t i o n s  a s  they pass  through the  char .  The r e a c t i o n s  considered he re  f a l l  
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i n t o  th ree  gene ra l  ca t egor i e s :  

1. Decomposition of t he  gas including thermal decomposition of 
high-molecular-weight hydrocarbons and d i s s o c i a t i o n  of C 0 2 ,  

H 2 0 ,  and H2 f o r  example. 

2 .  Further  decomposition of t he  hydrocarbons r e s u l t i n g  i n  
p r e c i p i t a t i o n  of carbon (coking) on t h e  adjacent  char 
passayes r e s u l t i n g  i n  char d e n s i t y  buildup. 

3 .  Chemical erosion of t h e  char l aye r  (below t h e  heated su r face )  
by t h e  gases including carbon vapor iza t ion  r e s u l t i n g  i n  a 
char d e n s i t y  reduct ion near t h e  heated su r face .  

The three r eac t ion  regimes a r e  represented  on t h e  following sketch f o r  decom- 
posi t ion of a hypo the t i ca l  ma te r i a l .  

Char 
Erosion 
('One 3, Coking I n i t i a l  Virgin 

(Zone 2) Pyro lys i s  Materia 1 
b (Zone 1) 
v 

a, 
Ll 
7 c, 
m 
Ll 
a, a 
h 

c 

5 

0 
Distance below hea ted  su r face  

The c l a s s i f i c a t i o n  of r e a c t i o n s  above corresponds t o  the order i n  which the  

various types  of r e a c t i o n s  would be expected t o  occur a s  t he  gas  passes  
through t h e  char .  The f i r s t  c l a s s  of r e a c t i o n s  may be looked upon simply a s  
t h e  gas  r e a c t i n g  wi th  i tself  so no change i n  t he  concent ra t ion  of chemical 

elements i n  t he  gas r e s u l t s ,  Sg = . The second two c l a s s e s  of r e a c t i o n s ,  
however, w i l l  r e s u l t  i n  a t r a n s f e r  of carbon elements between the gas  and t h e  
porous char .  With regard t o  t h e  elemental  composition change these  r e a c t i o n s  
may be considered r e v e r s i b l e .  

- - 

2 

3 

4 gas ( 0 )  t gas + carbon ( S )  ( 3 )  
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where t h e  forward r eac t ion  corresponds t o  moderate temperature,  type 2 r e a c t i o n s ,  
and r e s u l t s  i n  a p r e c i p i t a t i o n  of carbon from t h e  i n i t i a l  p y r o l y s i s  gas .  The 
subsequent, type 3 ,  high temperature r eac t ions ,  r e s u l t  i n  char erosion with 
a t t endan t  add i t ion  of carbon t o  the gas. 

An  understanding of t he  d e t a i l e d  k i n e t i c  mechanisms r equ i r ed  t o  char- 
a c t e r i z e  these  r e a c t i o n s  is  not  p re sen t ly  i n  hand; however, some q u a l i t a t i v e  
information i s  a v a i l a b l e  upon which a crude model may be formulated. The 
s p e c i f i c  information r e l a t i n g  t o  each react ion type i s  presented  b r i e f l y  and 

t h e  physical  model adapted t o  c h a r a c t e r i z e  each r e a c t i o n  regime is  descr ibed  
i n  t he  following paragraphs. 

Type 1 Reactions - I f  t he  subsurface composition i s  computed on the 
b a s i s  of chemical equi l ibr ium considerat ions a f a r  more dense char i s  predicted 
t o  occur than i s  observed from char dens i ty  measurements (Ref. 2 ) .  I t  may be 
concluded e i t h e r  t h a t  condensed phase carbon i s  formed b u t  does not s t i c k  t o  
the  cha r ,  or t h a t  t h e  high molecular weight hydrocarbons do not dccompose 
according t o  the  d i c t a t e s  of chemical equilibrium. The l a t t e r  p o s s i b i l i t y  
seems more probable bu t  conclusive experimental evidence on t h i s  matter i s  
lacking.  I t  would Seem appropriate  t o  compute the i n i t i a l  gas phase elemental  

composition from Equation 2 ,  and t o  evaluate the  gas phase molecular composi- 
t i o n  by assuming gas phase chemical equilibrium and not consider  condensed 
phase carbon a s  a poss ib l e  product. Additional c o n s t r a i n t s  must be placed 
upon t h e  equi l ibr ium c a l c u l a t i o n  i n  order t o  e l imina te  o the r  un l ike ly  spec ie s  
from occurr ing  a s  w e l l .  For example, mass spectrometer measurements presented 
i n  Reference 7 do not i n d i c a t e  the  presence of any CIOH, C9H2,  o r  C8H, whereas 
t h e s e  spec ie s  are p red ic t ed  t o  occur t o  a s i g n i f i c a n t  e x t e n t  from equi l ibr ium 
c a l c u l a t i o n s  f o r  t h e  r e s i n  system which was analyzed. By employing experi-  
mental techniques such a s  those reported i n  Reference 7 ,  one should be a b l e  
t o  i d e n t i f y  those molecular spec ie s  which w i l l  occur. The d i s t r i b u t i o n  of 
t h e s e  exper imentally v e r i f i e d  spec ie s  may then be obtained from equi l ibr ium 

cons ide ra t ions .  

Type 2 Reactions - A c e r t a i n  amount of experimental  evidence e x i s t s  
(Refs.  5 and 6 )  which i n d i c a t e s  t h a t  char dens i f i ca t ion  may occur between the  
organic  decomposition zone and t h e  heated surface.  I t  appears t h a t  t h i s  char  
d e n s i f i c a t i o n  i s  a r e s u l t  of deposi t ion of condensed phase carbon from t h e  

hydrocarbons i n  t h e  organic  py ro lys i s  g a s  products. This  seems reasonable 
s i n c e ,  a s  i nd ica t ed  above, t he  gases contain f a r  more carbon than would e x i s t  

i f  equi l ibr ium were achieved. A s  t h e  gases approach the  heated su r face  t h e i r  

temperature i s  increased and t h e  r a t e  a t  which equi l ibr ium is  approached 
inc reases .  I n  t h e  p re sen t  s tudy,  t he  r a t e  a t  which equi l ibr ium is  approached 

i s  represented  by a k i n e t i c  equation of the Arrhenius form. The r a t e  a t  which 
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coking r eac t ions  may proceed is  taken t o  be proport ional  t o  a forward r a t e  
c o e f f i c i e n t  and a d r i v i n g  p o t e n t i a l  represented by the  d i f f e r e n c e  i n  chemical 
composition between the  a c t u a l  gas  composition and t h e  equi l ibr ium gas com- 
pos i t i on .  Consider the r eac t ion  r a t e  of coking methane yas ,  f o r  example 

1 

where K i s  t he  equi l ibr ium constant  f o r  t h e  coking r eac t ion  
P 

Expressing the forward r a t e  c o e f f i c i e n t  i n  Arrhenius form y ie lds :  

-Ei/R T 
k = A i e  
f i  

where the frequency f ac to r  ( A . )  and a c t i v a t i o n  energy ( E i )  a r e  c h a r a c t e r i s t i c  
of t h e  ith reac t ion  such a s  Rtac t ion  5 .  

py ro lys i s  products would be given by the sum of the coking r a t e s  a t t r i b u t a b l e  
t o  each r eac t ion .  

The t o t a l  coking r a t e  from t h e  gaseous 

P 

m 'coke = L ' cokei 
i 

(7) 

where i includes coking r e a c t i o n s  f o r  a l l  hydrocarbon spec ie s  p re sen t .  The 
above technique fo r  eva lua t ing  t h e  coking r a t e ,  a s ide  from requ i r ing  t i m e -  
consuming computation procedures,  would r e q u i r e  s p e c i f i c a t i o n  of t he  physical  

constants ,  Ai and Ei ,  f o r  each of t h e  many r eac t ions  being considered. The 
r a t e  would a l s o  depend c r i t i c a l l y  upon t h e  s p e c i f i c  concen t r a t ions  of each 
molecular spec ie s ,  and, a s  i nd ica t ed  e a r l i e r ,  t h e  methods f o r  t h e i r  eva lua t ion  

a r e  not p re sen t ly  i n  hand. A l t e rna t ive ly ,  an approximate procedure is  pro- 
posed here which has  t h e  following f e a t u r e s :  

1) It i s  simple enough t o  be included p r a c t i c a l l y  i n  a 
charr ing a b l a t i o n  s o l u t i o n .  

1 
The react ion is  presumed i d e a l  SO t h e  p a r t i a l  p re s su re  exponents a r e  equal  
t o  the s to i ch iomet r i c  c o e f f i c i e n t s .  
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2 )  I t  approaches the  coking r a t e s  which would be p red ic t ed  
by the  more complete equat ions above when k i n e t i c s  a r e  
r e l a t i v e l y  slow or f a s t .  

3) I t  is based upon parameters which may be c o n t r o l l e d  i n  
a laboratory experiment t o  de r ive  data on the  coking 
process .  

The p resen t  procedure c o n s i s t s  of  spec i fy ing  the coking r a t e  as t h e  product 
of a s i n g l e  forward r a t e  c o e f f i c i e n t  and a carbon mass f r a c t i o n  "coking po- 
t e n t i a l "  which r ep resen t s  t h e  ne t  e f f e c t  of a l l  coking r e a c t i o n s  such a s  

Equation ( 6 ) .  

m coke = k ( %  f cg - 2  cqE ) (8) 

where t h e  forward r a t e  c o e f f i c i e n t  i s  expressed i n  Arrhenius form a s  above, 
and the d r i v i n g  p o t e n t i a l  i s  represented by the d i f f e r e n c e  between t h e  

elemental  carbon mass f r a c t i o n  of t h e  gas and t h a t  which would e x i s t  i f  
equi l ibr ium were achieved. 

Figure 1 d e p i c t s  t he  elemental  carbon content of a t y p i c a l  py ro lys i s  gas 
f o r  t h e  following s i t u a t i o n s :  1) f o r  t h e  i n i t i a l  pyro1ysi.s gas (Equation ( 2 )  , 
2 )  f o r  t h e  p y r o l y s i s  gas  i f  equi l ibr ium were achieved, and 3) f o r  a t y p i c a l  
case u t i l i z i n g  the  above model, a l l  as  functions of temperature.  It  i s  noted 
t h a t  a t  low temperatures (regime 1) t h e  elemental carbon mass f r a c t i o n  remains 
unchanged u n t i l  regime 2 i s  reached, a t  which po in t  k i n e t i c a l l y  c o n t r o l l e d  
coking r e a c t i o n s  w i l l  cause the  elemental  carbon content  t o  decrease u n t i l  the  
equi l ibr ium composition i s  reached. This marks t h e  onset of regime 3 which i s  

cha rac t e r i zed  by add i t ion  of carbon t o  the gas f rm t h e  char .  

Type 3 Reactions - I n  t he  event l o c a l  char l aye r  temperatures much i n  
excess of 4500°R a r e  achieved, it i s  probable t h a t  chemical equi l ibr ium w i l l  
be achieved between the  py ro lys i s  gas and the c h a r ,  i n  which case  the  coking 
p o t e n t i a l  w i l l  reach zero. For t h i s  reason type 3 r e a c t i o n s  a r e  presumed t o  
occur i n  chemical equi l ibr ium and s u f f i c i e n t  carbon w i l l  be added t o  the  yas 
from t h e  char  t o  maintain t h i s  equilibrium. This  char erosion w i l l  r e s u l t  i n  
a char  d e n s i t y  decrease which may, i n  an extreme case,  cause t h e  char  dens i ty  

t o  approach zero.  

SECTION 3 

FORMULATION OF THE SUBSURFACE CONSERVATION EQUATIONS 

The d i f f e r e n t i a l  equat ions which cha rac t e r i ze  the  conservation of s p e c i e s ,  
momentum, and energy within a charr ing ablat ion ma te r i a l  a r e  presented  i n  t h i s  
s e c t i o n .  The equat ions a r e  based upon t h e  physical model descr ibed  above. 
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3 . 1  SPECIES CONSERVATION 

In order t o  proper ly  c h a r a c t e r i z e  the  r a t e s  of p l a s t i c  decomposition 

and py ro lys i s  gas coking i n  depth it i s  necessary t o  accu ra t e ly  a s s e s s  t h e  
s t a t e  of both the a b l a t i o n  ma te r i a l  and t h e  p y r o l y s i s  gases.  The s t a t e  of 
t h e  ab la t ion  ma te r i a l  depends upon the  r e l a t i v e  q u a n t i t i e s  of each c o n s t i t u e n t  

( r e a c t i v e ,  i n e r t ,  and carbon) and temperature whereas t h e  s ta te  of t he  
pyrolysis  gas depends upon the  gas carbon con ten t ,  temperature,  and p res su re .  
Temperatures a r e  obtained from t h e  energy equation and p res su res  from t h e  
momentum equat ion,  both of which a r e  presented  subsequently.  The spec ie s  

conservation equat ions,  p resented  he re ,  r e l a t e  t he  r a t e  of change of a b l a t i o n  
mater ia l  composition and py ro lys i s  gas composition t o  decomposition and coking 
events throughout t he  decomposition zone and char l aye r .  

A s  indicated e a r l i e r  (Reactions 1 and 3) t he  a b l a t i o n  m a t e r i a l  may, a t  
any point i n  space and t ime, be represented by a mixture of i n e r t ,  r e a c t i v e ,  
and carbon spec ie s .  The geometrical  conf igu ra t ion  considered is  shown i n  
Figure 2 .  Considering a c o n t r o l  volume of e x t e n t  Ady, t h e  t o t a l  mass may be 
expressed a s  

m = m I + m r + m  + m  
c 9  (9) 

where 

mI = mass i n e r t  c o n s t i t u e n t s  

m = mass of condensed carbon 

m = mass of gas 

i n =  1 mi , mass of a l l  i r e a c t i v e  c o n s t i t u e n t s  

C 

54 

r i=l, 2,3 

I t  i s  noted t h a t  t he  mass of g a s ,  m i n  t he  c o n t r o l  volume i s ,  i n  gene ra l ,  
much smaller than t h e  o the r  masses so t h e  t o t a l  mass i n  the c o n t r o l  volume 
may be w r i t t e n  

9 

where a = I, c ,  r 

and r = 1, 2 ,  3 

I t  w i l l  be convenient l a t e r  t o  consider  a coord ina te  system f ixed  t o  t h e  
receding surface ( x  - c o n s t ) .  With t h i s  i n  mind, t h e  mass conservation 
equation i s  w r i t t e n  f o r  t h e  moving coord ina te  system by d i f f e r e n t i a t i n g  equa- 
t i o n  (10) a t  constant x . 
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The mass change r a t e  of a c o n s t i t u e n t ,  a , may r e s u l t  from chemical r e a c t i o n s  

(organic  decomposition, coking, o r  char erosion) and convection r e s u l t i n g  from 
coordinate  system movement. The mass change r a t e  a t  cons t an t  x may be 
expressed i n  terms of t h e  change r e s u l t i n g  from chemical r e a c t i o n s  and t h e  
change r e s u l t i n g  from coordinate  system motion. Funct ional ly ,  t he  mass of 
c o n s t i t u e n t  a may be w r i t t e n  i n  t e r m s  of t i m e  and p o s i t i o n .  

ma = m a ( @ ,  Y) 

Applying t h e  chain r u l e  y i e l d s  

D i f f e r e n t i a t i n g  with r e s p e c t  t o  t i m e  a t  constant x ob ta ins  

The second term may be r e l a t e d  t o  the  surface recession r a t e  by cons ider ing  
the  coordinate  system dependence of x on y . 

y = x + s  

From which, 

b u t  t he  su r face  r eces s ion ,  S , may be considered a s  a funct ion of t i m e  a lone ,  
so: 

S u b s t i t u t i o n  of Equation (14) i n t o  Equation ( 1 2 )  and not ing t h a t  d i f f e r e n t i a -  
t i o n  wi th  r e s p e c t  t o  x o r  y a t  constant  t i m e  i s  equ iva len t ,  y i e l d s  a 
conserva t ion  equation fo r  condensed phase species  below the  su r face .  
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a m  am 
(15) 

The conservation equat ion f o r  gaseous spec ies  i n  depth fol lows d i r e c t l y  

from considerat ion of t h e  gas yenerat ion rate r e s u l t i n g  from decomposition and 

t h e  yas-to-condensed-phase t r a n s f e r  a s soc ia t ed  with coking r eac t ions .  

As indicated i n  Sec t ion  1 (Reaction 1) t h e  r e a c t i v e  c o n s t i t u e n t s  a r e  presumed 
t o  decompose i n t o  a gas  having a f ixed  elemental  composition, given by Equa- 
t i o n  ( 2 ) ,  and t h a t  subsequent gas phase r eac t ions  (coking or  e ros ion)  w i l l  
have t h e  s o l e  e f f e c t  of removing or adding elemental  carbon t o  t h e  gas .  It 

is  therefore  necessary t o  keep t r ack  of only one element i n  t h e  gas  phase,  
elemental  carbon. The gas  phase conservat ion equat ion f o r  e lemental  carbon, 
a = c , i s  

The ove ra l l  mass conservat ion equat ions fo r  condensed and gas phase spec ies  

follow d i r e c t l y  from summing Equations (15)  and (16) over a l l  “ a ”  spec ies .  

and 

Evaluation of t he  convection t e r m ,  i , i n  t h e  spec ies  conservat ion equa- 

t i o n  i s  r e l a t i v e l y  s t ra ight forward;  however, the  term represent ing  spec ies  

change r a t e s  a s soc ia t ed  with chemical r e a c t i o n s ,  31 , r equ i r e s  r a t h e r  

extensive cons idera t ion ,  For the  i n e r t  spec ie s ,  a I , t he  mass change r a t e  

r e su l t i ng  from chemical r e a c t i o n s  i s  zero. 

Y 

2) - 0  
Y 
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The t rea tment  yiven t h e  o the r  c o n s t i t u e n t s ,  a = r and c , is  descr ibed  i n  
t h e  following two subsect ions.  

3 .1 .1  Spec ies  Conservation f o r  Reactive Const i tuents  ( a  = r )  

The r e a c t i v e  c o n s t i t u e n t s ,  r , are defined here  a s  those c o n s t i t u e n t s  

which may decompose t o  form gaseous and/or carbonaceous p y r o l y s i s  products  

( 2 1 )  Reactive -+ Carbon ( S )  + Gas (0) 

The above, i r r e v e r s i b l e  r e a c t i o n  is t a k e n  t o  proceed a t  a r a t e  governed by an 

equation of t he  Arrhenius form for each of up t o  t h r e e  r e a c t i v e  c o n s t i t u e n t s  

where 

m .  

i m 
0 and K~ = 1 , m a s s  of c o n s t i t u e n t  i per u n i t  mass of c o n s t i t u e n t  

0 i p r i o r  t o  decomposition. 

The form s e l e c t e d  t o  r ep resen t  t he  decomposition r a t e  a r i s e s  from a d e s i r e  t o  
express  t h e  k i n e t i c  c o e f f i c i e n t s  i n  t e r m s  o f  q u a n t i t i e s  r e a d i l y  measureable 
i n  t h e  l abora to ry .  Equation (23) i s  developed i n  Appendix A i n  terms of 
q u a n t i t i e s  r e a d i l y  der ived  from TGA (thermogravimetric a n a l y s i s )  d a t a .  

Equations ( 2 2 )  and (23) enable evaluat ion of t h e  t e r m  2)" i n  t h e  
z 

spec ie s  conserva t ion  Equation (15) f o r  decomposable r e a c t i v e  c o n s t i t u e n t s  
( a  = r ) .  
t o  f i r s t  consider  a l l  r e a c t i o n s  which may involve carbon. This  includes both 

the  decomposition r e a c t i o n s  j u s t  descr ibed,  and coking r e a c t i o n s  (forward and 
r e v e r s e ) .  Coking r e a c t i o n s  a r e  d iscussed  next. 

I n  order  t o  eva lua te  t h i s  term for carbon (a 0 c) it i s  necessary 

3.1.2 zpecies Conservation f o r  Carbon ( a  = c) 

Carbon is  genera ted  i n  t h e  charr ing ma te r i a l  mat r ix  when t h e  v i r g i n  

m a t e r i a l  decomposes a s  descr ibed  above, and when coking r e a c t i o n s  cause a 
t r a n s f e r  of carbon from the  py ro lys i s  gas  t o  t h e  char (zone 2 descr ibed  i n  
Sec t ion  2 above).  Carbon is removed from the cha r r ing  m a t e r i a l  when r eve r se  
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coking r eac t ions  e f f e c t  a t r a n s f e r  of carbon from the  char t o  the  py ro lys i s  
gas (zone 3 ) .  The conservation of carbon spec ie s  a s soc ia t ed  wi th  decomposition 
i s  considered f i r s t ,  i n  Sect ion 3.1.2.1,  and i s  followed, i n  Sec t ion  3.1.2.2,  
by carbon conservation r e l a t i o n s  a s soc ia t ed  wi th  forward and r eve r se  coking 

r eac t ions .  

3 .1 .2 .1  Organic Decomposition 

From Equations (A-3) and (A-6)  developed i n  Appendix A,  it may be shown 
t h a t  the r a t e  of production of carbonaceous r e s i d u e  from t h e  ith decomposition 
r eac t ion  is  r e l a t e d  t o  the  r a t e  of decomposition of c o n s t i t u e n t  i , i n  t he  
following manner 

0 

m 
C 

where 

p l e t e  decomposition of c o n s t i t u e n t  i , per u n i t  mass of c o n s t i t u e n t  i p r i o r  
t o  decomposition. Summation of Equation (24)  over a l l  i y i e l d s  the  carbon 
production r a t e  a s  a r e s u l t  of organic decomposition r e a c t i o n s .  

= - -  if i s  t h e  mass of carbonaceous r e s idue  r e s u l t i n g  from com- 
K c i f  mio 

where the subsc r ip t  d s i g n i f i e s  carbon production a s soc ia t ed  wi th  organic 

decomposition (Reaction 2 1 ) .  Carbon add i t ion  t o  and removal from t h e  char 
(coking r eac t ions )  a r e  considered next.  

3.1.2.2 Coking Reactions 

Coking r e a c t i o n s ,  a s  employed h e r e ,  r e f e r  t o  a l l  chemical r e a c t i o n s  
which r e s u l t  i n  a t r a n s f e r  of carbon atoms between the  py ro lys i s  gases and 
the  char s t r u c t u r e .  This  includes both type 2 and type 3 r e a c t i o n s  introduced 
e a r l i e r  i n  Sect ion 2 .  Type 2 r e a c t i o n s  include t h e  normal c l a s s  of coking 
r eac t ions  cha rac t e r i zed  by the  depos i t i on  of carbon upon the  char r e s u l t i n g  

from hydrocarbon decomposition. Type 3 r e a c t i o n s  occur a t  much higher t e m -  
perature  where equi l ibr ium d i c t a t e s  a r e v e r s e  r e a c t i o n  cha rac t e r i zed  by 

e ros ion  of t he  char  r e s u l t i n g  from vapor i za t ion  and chemical a t t a c k  by the  
pyro1ysj.s gases .  
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3.1.2.2.1 Forward coking r eac t ions  

The phys ica l  model t o  be employed for  cha rac t e r i z ing  t h e  r a t e  a t  which 

carbon is  coked from the  gas w a s  introduced above, i n  Sect ion 2 .  I t  i s  

assumed t h a t  t h e  py ro lys i s  gas composition changes a t  a r a t e  d i c t a t e d  by an 
equat ion of t h e  Arrhenius form. 

where 
- 
K - mass f r ac t ion  of carbon i n  t h e  py ro lys i s  gas  

cg 
independent of  molecular conf igura t ion  

P - pressure  
kc,  Ec ,  nc - k i n e t i c  c o e f f i c i e n t s  for coking r e a c t i o n s  

K - mass f r a c t i o n  of carbon i n  t h e  py ro lys i s  gas  
Y 

CgE 
which would ex is t  i f  equi l ibr ium w e r e  achieved 

a t  t h e  l o c a l  temperature and pressure  

Equation (26) expresses  the  r a t e  of  change of carbon content  i n  the  gas  i n  
t e r m s  of a d r iv ing  p o t e n t i a l  which approaches ze ro  a s  equi l ibr ium i s  achieved. 

The d r i v i n g  p o t e n t i a l  is  noted t o  depend i n  a d i r e c t  manner upon t h e  system 
p res su re  a s  i s  be l ieved  appropr ia te  f o r  gas phase r eac t ions .  P a r t i a l  
d i f f e r e n t i a t i o n  of t h e  gas carbon content  is performed a t  cons tan t  y and 
cons tan t  Ki (composition of  t h e  p las t ic -char  mat r ix  where coking i s  
occur r ing ) .  I t  i s  expressed i n  t h i s  manner because coking i s  allowed t o  occur 
i n  reg ions  of t h e  char  s t i l l  undergoing decomposition. Since l o c a l  py ro lys i s  
r e s u l t s  i n  the add i t ion  of f r e s h  gas  (having a carbon con ten t ,  K ) t o  t h e  

py ro lys i s  gas  s t ream, it t o o  a f f e c t s  the  gas composition change r a t e .  
Equation (26) ref lects  t h e  gas  composition change r a t e  r e s u l t i n g  from coking 
a lone .  The t o t a l  carbon change r a t e  of the py ro lys i s  gas r e s u l t i n g  from both 
decomposition and coking i s  given by adding t h e  e f f e c t s  of t h a t  due t o  
decomposition (Equation ( 2 2 )  and coking (Equation ( 2 6 ) ) .  This  addi t ion  i s  

given cons idera t ion  subsequently,  i n  t h e  f i n i t e  d i f f e rence  formulat ion 
(Sec t ion  4 ) .  

u 

cgo 

3.1.2.2.2 Reverse coking r eac t ions  

Refer r ing  t o  Equation ( 2 6 ) ,  it is noted t h a t  t h e  coking r a t e  approaches 
) + O  . when 

Y 

zero  a s  gas  phase equi l ibr ium i s  achieved,  i . e . ,  a s  
t h e  coking p o t e n t i a l  reaches ze ro ,  

(Ecg - K 
u Y C9E 

(Kcg - K ) = 0 , t h e  gas  i s  assumed t o  
cgE 
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be i n  equi l ibr ium with t h e  char  layer :  

where the py ro lys i s  gas equi l ibr ium carbon content  may be expressed a s  a 

funct ion of  temperature and p res su re  alone.  The r a t e  of change of  elemental  
carbon content  i n  t he  py ro lys i s  gas  i s  then r e l a t e d  t o  t h e  temperature  and 

pressure g rad ien t .  

The r a t e  of  char  e ros ion  by t h e  py ro lys i s  gas  ( r eve r se  coking) may then be 

obtained from Equations ( 2 8 )  and ( 1 7 ) .  This  mat te r  i s  given f u r t h e r  con- 
s ide ra t ion  subsequent ly ,  i n  Sect ion 4 .  

3 . 2  MOMENTUM EQUATION 

The momentum equat ion i s  considered i n  depth i n  order  t o  r e l a t e  t h e  gas  

flow r a t e  i n  t h e  char  layer  t o  t h e  p re s su re  d i s t r i b u t i o n  throughout t h e  char  
l a y e r .  It  is  des i r ed  t o  eva lua te  t h e  p re s su re  a t  a l l  p o i n t s  i n  t h e  char  
l a y e r  for two reasons: 1) t h e  coking r e a c t i o n s ,  both forward and r e v e r s e ,  a r e  

pressure  dependent,  and 2 )  evalua t ion  of  t h e  pressure  d i s t r i b u t i o n  through 
t h e  char l aye r  w i l l  enable  determinat ion of char  stresses i n  an approximate 
manner. 

I n  order  t o  ob ta in  an expression r e l a t i n g  l o c a l  pressure  i n  the  char  
l a y e r  t o  o the r  p e r t i n e n t  v a r i a b l e s  i t  is  use fu l  t o  examine experimental  da t a  
taken for a range of v a r i a t i o n  of t h e  p e r t i n e n t  parameters of i n t e r e s t ,  and 
t o  deduce t h e  most s i g n i f i c a n t  e f f e c t s  by gene ra l i z ing  t h i s  da t a .  

The d a t a  presented by Green (Ref. 8) i s  employed fo r  t h i s  purpose.  
G r e e n  p r e s e n t s  a compilation of  d a t a  f o r  flow of  var ious  gases  through a wide 
v a r i e t y  of porous media f o r  a l a rge  range of  f low condi t ions .  In  order  t o  
r e l a t e  pressure  g rad ien t s  t o  v iscous  and i n e r t i a l  fo rces  he employs t h e  
c o r r e l a t i o n  equat ion  f i r s t  proposed by Reynolds. 

where t h e  f i r s t  t e r m  r ep resen t s  v i scous  fo rces  and t h e  second, momentum fo rces .  
The q u a n t i t i e s  a and B a r e  empir ica l  c o e f f i c i e n t s ,  p is the  gas v i s c o s i t y ,  
and p is t h e  gas  dens i ty .  The v e l o c i t y  i n  Equation (29 )  is a “ s u p e r f i c i a l  
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v e l o c i t y "  def ined  on the  b a s i s  of t h e  gas  flow r a t e  per u n i t  p ro j ec t ed  area 
i n  a plane normal t o  the v e l o c i t y  vector .  

Refer r ing  t o  Equation ( 2 9 )  t h e  r a t i o  of i n e r t i a l  t o  viscous f o r c e s  may be 
w r i t t e n  as:  

I n e r t i a l  Force - 
Viscous Force a m  

where m = pv is t h e  gas f l o w  r a t e  per u n i t  t o t a l  a r ea .  The compilation of 
d a t a  presented  by Green  includes t abu la t ions  of t h e  empir ical  c o e f f i c i e n t s  
a and $ f o r  a wide v a r i e t y  of porous media including packed beds of 

i r r e g u l a r  and s p h e r i c a l  p a r t i c l e s  ranging i n  nominal s i z e  from 0.08 inch t o  
0 . 1 8 7 5  inch and f o r  c l o s e  packed wire  screens ranging from 60 t o  5 mesh. The 
nominal range of p o r o s i t i e s  included v a r i e s  from 0 .3  t o  0 . 8 .  The exper imenta l ly  

der ived  c o e f f i c i e n t s  a and $ a r e  shown i n  Figure 3 along with a s t r a i g h t  
l i n e  f i t  t o  t he  d a t a .  

g 

4 
a = 0.794 x 10 B 

where a has  u n i t s  of f t - a  and $ has un i t s  of ft- '  . The c o r r e l a t i o n  i s  
not  e x c e l l e n t ,  b u t  appears appropr i a t e  f o r  order-of-magnitude cons ide ra t ions .  
S u b s t i t u t i n g  t h i s  r e l a t i o n  i n t o  Equation (31) ob ta ins  

I n e r t i a l  Force = 1.26 loa 3 Viscous Force UA 

For t h e  temperature range of i n t e r e s t  (2000'R - 5000OR) t he  gas  v i s c o s i t y  
w i l l  range from about 0 .3  x t o  0 .5  x lo4  l b / f t - s ec .  Considering a gas  
v i s c o s i t y  of 0 .4  x l o 4  l b / f t - s e c ,  t h e  r a t i o  of i n e r t i a l  t o  v i scous  fo rces  
may be w r i t t e n :  

m I n e r t i a l  Force = 3.15 ~p 
Viscous Force 

where ig /A  has  the  u n i t s  of l b / f t2 - sec .  
f o r  p y r o l y s i s  gas flow r a t e s  of 0 .01 lb / f t2 - sec  and less, t h e  i n e r t i a l  t e r m s  

may be ignored i n  which case Equation ( 2 9 )  reduces t o  Darcy 's  Law. 

I t  may t h e r e f o r e  be concluded t h a t  
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where a is t h e  permeabi l i ty .  I t  is recommended, however, t h a t  t he  more 
complete c o r r e l a t i o n  equation ( 2 9 )  be employed f o r  p re s su re  drop c a l c u l a t i o n s  

i n  t he  char l aye r  of a b l a t i n g  m a t e r i a l s  s ince  it i s  v a l i d  f o r  a wider range 
of conditions of p r a c t i c a l  i n t e r e s t .  

3 -  3 ENERGY EQUATION 

The subsurface energy equation f o r  a cha r r ing  a b l a t o r  may be w r i t t e n  i n  
terms of a s t a t i o n a r y  coordinate  system (see Fig. 2 ) .  

s t o rage  conduction convection 

I n  Equation ( 3 2 )  t h e  r a t e  of energy s to rage  term i s  expressed i n  terms of the 

mater ia l  d e n s i t y ,  p and s p e c i f i c  enthalpy,  h , a t  a po in t .  The i m p l i c i t  
assumption i n  such a formulation i s  t h a t  t he  d e n s i t y  and enthalpy a r e  s u f f i c i e n t  
p rope r t i e s  t o  represent  t h e  ma te r i a l  s t a t e .  This i s  indeed poss ib l e  when 
considering simple i r r e v e r s i b l e  decomposition of the p l a s t i c  i n t o  char  and 
gas (see e .g .  Refs. 1-4) bu t  when f u r t h e r  r e a c t i o n s  accompanied by mass t r a n s -  
f e r  between the  char and gas are considered,  t h e  d e n s i t y  and enthalpy alone 
a r e  not s u f f i c i e n t  p r o p e r t i e s  t o  e s t a b l i s h  t h e  m a t e r i a l  s t a t e .  I t  i s  the re -  
f o r e  desired f o r  the p re sen t  a n a l y s i s  t o  express  Equation ( 3 2 )  i n  t e r m s  of 
q u a n t i t i e s  s u f f i c i e n t  t o  de f ine  t h e  s t a t e  f o r  t h e  s i t u a t i o n  where mass t r a n s -  
f e r  may occur between t h e  p y r o l y s i s  gas  and the  char .  I t  i s  a l s o  most 

expedient i f  t hese  q u a n t i t i e s  a r e  r e a d i l y  a c c e s s i b l e  i n  t h e  computation 
scheme. These cons ide ra t ions  have led t o  t h e  s e l e c t i o n  of t h e  mass of 
cons t i t uen t  
a 

a , i n  a c o n t r o l  volume (ma) and s p e c i f i c  enthalpy of component 
(ha) a s  t he  most convenient s t a t e  p r o p e r t i e s .  

Equation ( 3 2 )  may be r e w r i t t e n  i n  terms of t hese  p r o p e r t i e s  by i n t e g r a t i n g  
over the e x t e n t  of t he  c o n t r o l  volume shown i n  Figure 2 

where a = I ,  c ,  or r , and the  d i f f e r e n c e s  on t h e  r i g h t  hand s i d e  a r e  between 

the  top and bottom of the  c o n t r o l  volume. I n  order  t o  develop a p r a c t i c a l  
numerical so lu t ion  it is  convenient t o  consider  a coord ina te  system f ixed  t o  
the  receding su r face  ( a  moving c o n t r o l  volume). For t h i s  purpose it i s  
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d e s i r e d  t o  transform Equation ( 3 3 ) ,  which i s  w r i t t e n  f o r  a c o n t r o l  volume, 
y = cons tan t  , t o  an equation w r i t t e n  fo r  a moving coordinate  system, 
x = constant .  The s to rage  t e r m  on t h e  l e f t  s i d e  of Equation ( 3 3 )  may be 
r e l a t e d  t o  i t s  coun te rpa r t  i n  t h e  moving coordinate system i n  t h e  following 
manner. It i s  noted t h a t  t he  mass of cons t i t uen t  a and its entha lpy  may 
be expressed purely a s  funct ions of space and time. 

so: 

The x and y coordinates  and t h e i r  d e r i v a t i v e s  a r e  r e l a t e d  through Equa- 
t i o n s  ( 1 3 )  and (14) 

%) X = ;  ( 3 5 )  

U t i l i z i n g  t h i s  r e l a t i o n  and not ing t h a t  d i f f e r e n t i a t i o n  with r e s p e c t  t o  x 
o r  y a t  cons t an t  t i m e  ( e )  i s  equivalent ,enables  express ing  Equation ( 3 4 )  i n  
t h e  following manner: 

S u b s t i t u t i n g  t h e  above i n t o  Equation ( 3 3 )  y i e l d s  a subsurface energy equation 

i n  terms of the moving coordinate  system. 

T e r m s  I and I V  involve time and space d e r i v a t i v e s  of the c o n t r o l  volume 
mass and enthalpy.  I t  w i l l  be convenient for  subsequent f i n i t e  d i f f e r e n c e  
formulation t o  express  enthalpy d e r i v a t i v e s  i n  terms of temperature der iva-  

t i v e s .  Also,  t h e  mass d e r i v a t i v e s  both include c r o s s  s e c t i o n a l  a r e a  de r iva -  
t i v e s  which may be el iminated.  The following manipulations accomplish t h e  
d e s i r e d  r e s u l t .  

T e r m  I w i l l  be considered f i r s t .  
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The enthalpy f o r  any c o n s t i t u e n t ,  a = I ,  c,  or r , may be expressed i n  t e r m s  
of i t s  chemical and se.isible p a r t s  

= mTr + I T C dT 

ha f a  Pa 
Tr  ~ 

For a given c o n s t i t u e n t ,  AH:r = cons tan t ,  so: 
a 

U t i l i z i n g  Eauation (35) t h e  mass d e r i v a t i v e  may be expressed as  follows 

S u b s t i t u t i n g  Equations (39) and (40) i n t o  (37) y i e l d s  t h e  following representa-  

t i o n  for  t e r m  I i n  t h e  energy Equation (36). 

U t i l i z i n g  Equation (39) , t e r m  I V  i n  t h e  energy Equation (36) may be 

w r i t t e n  as: 

S u b s t i t u t i o n  of Equations (41) and (42) i n t o  Equation (36) y i e l d s  t h e  desired 

form of  t h e  subsurface energy equat ion  f o r  a c o n t r o l  volume of f i n i t e  e x t e n t  
i n  t e r m s  of a coord ina te  system f ixed  t o  t h e  receding su r face .  

I t  is  noted t h a t  d i f f e r e n t i a t i o n  of t h e  l a s t  t e r m  i s  a t  cons t an t  y.  It  i s  
expressed i n  t h i s  manner f o r  convenience s i n c e  t h e  decomposition even t s  (a  r) 
are represented  a t  cons tan t  y ,  (see E q .  ( 2 2 ) ) .  

I n  t h e  following s e c t i o n  a f i n i t e  d i f f e r e n c e  r e p r e s e n t a t i o n  f o r  t h e  

d i f f e r e n t i a l  equat ions  presented  i n  t h i s  s e c t i o n  is  proposed. 
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SECTION 4 
FINITE DIFFERENCE FORMULATION 

The need f o r  a computational scheme t o  mathematically model t he  thermo- 
chemical response of a cha r r ing  m a t e r i a l  experiencing subsurface coking reac- 
t i o n s  was introduced i n  Sec t ion  1. I n  Section 2,  a phenomenological model 

was introduced f o r  r ep resen t ing  t h e  s t a t e  of t h e  cha r r ing  m a t e r i a l  and i t s  
p y r o l y s i s  products,  and f o r  r ep resen t ing  the rate a t  which coking r e a c t i o n s  

may proceed. Sect ion 3 presented  abbreviated d e r i v a t i o n s  of t h e  d i f f e r e n t i a l  
equat ions appropr i a t e  t o  r ep resen t ing  t h e  t r a n s f e r  of mass, momentum, and 

energy f o r  t h e  chosen phenomenological model. I n  this sec t ion ,  t h e  equat ions  
presented  above a r e  c a s t  i n t o  f i n i t e  d i f f e rence  form appropr i a t e  f o r  coding 

i n t o  a computational scheme. 

Examination of t h e  equations presented i n  Sec t ion  3 r e v e a l s  t h a t  f i n i t e  

d i f f e r e n c e  formulation of t he  energy conservation Equation (43) and t h e  pres- 

s u r e  drop r e l a t i o n  (Eq.(29)) may be accomplished i n  a r a t h e r  s t r a igh t fo rward  
manner provided the  c o e f f i c i e n t s  appearing i n  t h e s e  r e l a t i o n s  are known . The 

c o e f f i c i e n t s  most u s u a l l y  con ta in  information r e l a t i n g  t o  t h e  s t a t e  of t h e  
cha r r ing  m a t e r i a l  o r  t h e  py ro lys i s  gas products. A s  t he  problem has been 
formulated, t h e  s ta te  of t he  cha r r ing  ma te r i a l  i s  uniquely def ined  b y  i t s  
temperature and composition (i.e.,  r e l a t i v e  q u a n t i t y  of each c o n s t i t u e n t :  
I ,  C ,  o r  r ) ,  and t h e  p y r o l y s i s  gas s t a t e  i s  def ined  by i t s  pressure,  tempera- 
t u r e ,  and composition ( i .e . ,  % ) .  The composition of t h e  cha r r ing  m a t e r i a l  
and the  gaseous p y r o l y s i s  products is obtained from t h e  species conserva t ion  
r e l a t i o n s .  A f i n i t e  d i f f e r e n c e  formulation of t h e  spec ie s  conserva t ion  r e l a -  
t i o n s  is presented  f i r s t ,  i n  Sect ion 4.1. F i n i t e  d i f f e r e n c e  equat ions f o r  
eva lua t ing  the  char  l a y e r  pressure drop are  presented  next,  i n  Sec t ion  4.2, 

and a r e  followed, i n  Sect ion 4.3, b y  a f i n i t e  d i f f e r e n c e  formulation of t h e  
subsurface energy balance.  The f i n i t e  d i f f e r e n c e  r ep resen ta t ion  of the geo- 
m e t r i c a l  conf igu ra t ion  r e s u l t s  from dividing t h e  m a t e r i a l  i n t o  a number of 
d i s c r e t e  zones o r  nodes. The general ized coordinate  system and nodal iden- 
t i f i c a t i o n  scheme i s  shown i n  Figure 4. 

c9 

4.1 SPECIES CONSERVATION 

I n  th i s  s e c t i o n ,  t h e  d i f f e r e n t i a l  equations f o r  t h e  rate of change of 
composition of t h e  cha r r ing  material and t h e  gaseous p y r o l y s i s  products a r e  

app l i ed  t o  a f i n i t e  c o n t r o l  volume i n  order t o  ob ta in  a lgeb ra i c  equat ions  
r e l a t i n g  t h e  composition of t h e  m a t e r i a l  and gas  t o  o t h e r  problem parameters. 
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The ma te r i a l  composition i n  a c o n t r o l  volume i s  def ined  by t h e  masses of  re- 
a c t i v e  ( r ) ,  i n e r t  ( I ) ,  and carbon (C)  i n  t h e  c o n t r o l  volume. The elemental  
composition of t h e  gaseous py ro lys i s  products  i s  def ined  by t h e  carbon mass 
f r a c t i o n  ('ii 1 .  The ma te r i a l  composition i n  t h e  c o n t r o l  volume w i l l  be con- 
s i d e r e d  f irst ,  i n  Sec t ion  4.L.1, and w i l l  be followed by f i n i t e  d i f f e r e n c e  

r e l a t i o n s  f o r  eva lua t ing  t h e  py ro lys i s  gas  flow r a t e  and composition, i n  Sec- 

t i o n  4.1.2. 

cg 

4 .1 .1  Mater ia l  Composition 

The c o n t r o l  volume t o  be considered is  shown i n  Figure 2 and i s  chosen 
such t h a t  i t s  th ickness ,  dx, i s  cons t an t  and i t s  d i s t a n c e  below t h e  receding 
(heated)  su r face  i s  cons t an t  ( i . e . ,  x = c o n s t a n t ) .  The composition of  t h e  
ma te r i a l  i n  t h e  c o n t r o l  volume may change a s  a r e s u l t  o f  e i t h e r  of  two events ,  
coordinate  system movement, o r  chemical r eac t ions .  The t o t a l  r a t e  of change 
of  mass of a c o n s t i t u e n t  i n  t h e  c o n t r o l  volume r e s u l t i n g  from these  two events  
i s  given by Equation ( 1 5 ) :  

where a = I ,  C ,  o r  r. The f i r s t  t e r m  on t h e  right-hand s i d e  r ep resen t s  t h e  
change i n  m a s s  o f  c o n s t i t u e n t  "a"  r e s u l t i n g  from chemical r e a c t i o n s  such a s  
decomposition o r  coking. The second t e r m  r ep resen t s  mass change a s soc ia t ed  
with coordinate  system movement. F i n i t e  d i f f e rence  i n t e r p r e t a t i o n  of t h e  
chemical r eac t ion  t e r m  r equ i r e s  t h a t  cons idera t ion  be given t o  each p a r t i c u l a r  
c l a s s  of chemical r eac t ions ,  i.e., decomposition, coking, o r  r eve r se  coking. 

F i n i t e  d i f fe rence  eva lua t ion  of  t h i s  t e r m  w i l l  be t r e a t e d  subsequent ly ,  i n  
Sec t ion  4.1.1.2. The second t e r m ,  r ep resen t ing  coord ina te  system motion, is 

considered f i r s t ,  i n  Sec t ion  4.1.1.1. F i n a l l y ,  i n  Sec t ion  4.1.1.3. t h e  f i n i t e  
d i f f e rence  r e l a t i o n s  f o r  m a t e r i a l  composition a r e  summarized. 

4.1.1.1 Mater ia l  Composition Change Resul t ing  from Coordinate System 
Motion 

F in i t e  d i f f e rence  eva lua t ion  of  t h e  convect ion t e r m  (bma/ax) ,s i s  ob- 
t a i n e d  b y  cons ider ing  a c o n t r o l  volume of  th ickness  
a r e a  An a s  shown i n  t h e  ske tch  below. 

b n  and c ross - sec t iona l  
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p o s i t i o n  
a t  t i m e  

- - +-Surface l o c a t i o n  a t  time /: I 
1 

Sur face  l o c a t i o n  a t  time 8 - -- 
$@*\  / 

I 
\ 

\ 
---- 

/ +-Surface l o c a t i o n  a t  time I 

ion a t  time 8 

ion a t  time 8 

of node n Posi t ion of node of node n 
e a t  t i m e  8 + A 8  

e = o  

+ AS 

Considering each node t o  be of homogeneous composition, t h e  m a s s  change of 
c o n s t i t u e n t  'I a" i n  t h e  node 'In" during t h e  i n t e r v a l ,  A B ,  may be obta ined  by 
eva lua t ing  the  m a s s  of c o n s t i t u e n t  "a1' l o s t  and gained as a r e s u l t  of coordi-  

na t e  system motion dur ing  t h e  t i m e  i n t e r v a l .  

m a s s  loss = 2) as 
n 

mass gain = ?ln+y 
The mass ga in  r a t e  is  obta ined  by taking the d i f f e r e n c e  of t h e  above and d iv id -  

i ng  by t h e  t i m e  s t e p ,  A @ .  The following r ep resen ta t ion  of t h e  convection term 
r e s u l t s .  

I t  is noted  t h a t  t h e  subscript  ''a" r e f e r s  to  r e a c t i v e  ( a  = r ) ,  i n e r t  ( a  = I ) ,  

and carbon ( a  = C )  spec ie s .  I n  the  following s e c t i o n  t h e  m a s s  change r a t e  

a s s o c i a t e d  with chemical r eac t ions  i s  considered. 
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4.1.1.2 Mater ia l  Composition Change Resul t ing  from Chemical React ions 

Since t h e  i n e r t  c o n s t i t u e n t s  a r e  no t  allowed t o  r e a c t ,  t h e i r  mass change 

rate due t o  r eac t ions  is  zero,  a s  shown by Equation ( 2 0 ) .  F i n i t e  d i f f e r e n c e  
r ep resen ta t ion  of t h e  mass change ra te  r e s u l t i n g  from chemical r eac t ions  f o r  
r eac t ive  and carbon spec ie s  may no t  be zero.  They are t r e a t e d  next .  

4.1.1.2.1 Reactive c o n s t i t u e n t s  ( a  = r )  

The mass change r a t e  of  c o n s t i t u e n t  r r e s u l t i n g  from chemical reac-  
t i o n s  is given by Equations ( 2 2 )  and (23) .  A f i n i t e  d i f f e rence  eva lua t ion  
f o r  the m a s s  change r a t e  of  r e a c t i v e  c o n s i t u t e n t  "i" may be obta ined  by i n t e -  

g ra t ing  Equation (23) over t h e  t i m e  i n t e r v a l  Ae 

el - E ~ / R T  ( 'de - = - k . e  
1 

e 
o n i  

K q  (Ki) 

where 8 '  i n d i c a t e s  eva lua t ion  a t  t h e  t i m e  e + Lo.  

Evaluation of  t h e  i n t e g r a l  ob ta ins  t h e  fol lowing f o r  ni = 1 

~y = K .  0 exp 
e '  l e  

(45) 

and, for ni # 1 

I -ni -E~/RT,] 1 1 -ni 
K? - (1 - ni)kie (46) 

e '  

I t  i s  noted t h a t  t h e  above i n t e g r a t i o n s  w e r e  performed hold ing  t h e  temperature  
constant  over  t h e  t i m e  i n t e r v a l .  U t i l i z a t i o n  of  t h e  temperature  a t  t h e  "old" 
t i m e ,  0 ,  r e s u l t s  i n  an eva lua t ion  which is  i m p l i c i t  i n  dens i ty  and e x p l i c i t  
i n  temperature.  This method has  been found t o  be s a t i s f a c t o r y  f o r  a r e l a -  
t i v e l y  wide range of  ma te r i a l s  and temperature  r ise  r a t e s  (Ref. 1). Evalua- 
t i o n  of the Equations (45) and (46) may be made f u l l y  i m p l i c i t  by u t i l i z i n g  

t h e  temperature a t  t h e  end of  t h e  t i m e  i n t e r v a l ,  b u t  t h i s  in t roduces  r a t h e r  
s eve re  computational complicat ions s i n c e  coupl ing  of t h e  decomposition and 
energy conservat ion r e l a t i o n s  is then  r equ i r ed .  
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F i n i t e  d i f f e rence  eva lua t ion  of  Equation (23) is  given by: 

U t i l i z i n g  t h i s  r e l a t i o n  and Equation (22) enables forming an express ion  f o r  
t h e  mass change r a t e  of  a r e a c t i v e  cons t i t uen t ,  i, i n  t h e  node "nl ' .  

m 31 = de i o  (Ki o - Ki 0 ) 

Y 8' e (47) 

where K o  is eva lua ted  from Equations (45) and (46) f o r  t h e  r e a c t i o n  order ,  
ni = 1.0  and n # 1.0,  r e spec t ive ly .  

1 0 '  
i 

F i n i t e  d i f f e rence  formulat ion of  t h e  mass change r a t e  of  carbon con ten t  
f o r  each node is  presented  i n  the next  sec t ion .  

4.1.1.2.2 Carbon (a = c) 

The carbon con ten t  i n  a node may change a s  a r e s u l t  o f  cha r  formation 
r eac t ions  descr ibed  above, as a r e s u l t  o f  p r e c i p i t a t i o n  of carbon from t h e  
gas  (coking) ,  o r  as a r e s u l t  of  e ros ion  of  the cha r  by t h e  py ro lys i s  gas (re- 
ve r se  coking) .  F i n i t e  d i f f e rence  r e l a t i o n s  f o r  eva lua t ing  t h e  change i n  car- 
bon con ten t  of  a node r e s u l t i n g  from each of t h e s e  r eac t ions  a r e  presented 
i n  t h e  fol lowing t h r e e  subsec t ions .  

4.1.1.2.2.1 Decomposition of  r e a c t i v e  cons t i t uen t s  

The ra te  of  change of  carbon 
of r e a c t i v e  c o n s t i t u e n t s  i s  given 

$1 Decom. 

m a s s  i n  a node a s  a r e s u l t  o f  decomposition 

by Equation (25) 

where s u b s c r i p t  Decom. r e f e r s  t o  t h e  carbon change a s  a r e s u l t  o f  decomposi- 
t i o n  alone.  Employing t h e  same f i n i t e  d i f f e rence  r ep resen ta t ion  f o r  t h e  de- 

composition r a t e  as be fo re  (Eq. (47)) .  the carbon mass change r a t e  i n  t h e  
node r e s u l t i n g  from decomposition i s  given by: 

m i o  0 - KE ae (KY - Ki ) 
n,Decom. = c  i f  8' 8 

i=l, 2,3 
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where, a s  before ,  KYe, i s  given by Equations (45) and (46) f o r  n .  = 1 . 0  

and n # 1.0,  r e spec t ive ly .  The carbon change r a t e  r e s u l t i n g  from forward 
coking r eac t ions  i s  considered next .  

i 

4.1.1.2.2.2 Forward coking r eac t ions  

Equation (26) r e l a t e s  t h e  py ro lys i s  gas carbon content  change r a t e  a s  a 

r e s u l t  of forward coking r eac t ions  t o  l o c a l  pressure ,  temperature ,  and gas 
composition. 

This  equation w i l l  be i n t e g r a t e d  over  t h e  e x t e n t  of  t h e  node n, jn order  
t o  r e l a t e  t h e  gas composition change r a t e  t o  t h e  carbon p r e c i p i t a t i o n  r a t e  

on t h e  node. 

where in t eg ra t ion  is  performed over t h e  th ickness  of  t h e  node and I repre-  
s e n t s  the t r a n s i t  t i m e  f o r  t h e  gas t o  pass  from t h e  bottom t o  t h e  top  of t h e  
node. The pressure  and temperature  a r e  t r e a t e d  as cons t an t  throughout t h e  
node SO t h e  equi l ibr ium gas composition, KcgE, may be t r e a t e d  a s  cons t an t  
over the  i n t e g r a t i o n  i n t e r v a l  a s  w e l l .  For t h e  r e a c t i o n  order  d i f f c i < . n t  froiri 

u n i t y  (nc # l), i n t e g r a t i o n  of  Equation (49) y i e lds :  

- 

- The carbon content  of t h e  gas  e n t e r i n g  t h e  node, 
b y  t h e  gas composition of  t h e  gas  l eav ing  t h e  previous node, n + 1. 

Kcgo, w i l l  be represented  
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N Simi la r ly ,  t h e  carbon con ten t  of  t h e  gas leaving t h e  node, Kcg,e+v is 

i d e n t i f i e d  with t h e  'node, n. 

The t r a n s i t  t i m e  
t h e  gas v e l o c i t y  

f o r  t h e  gas t o  pass  through t h e  node, 
and t h e  nodal th ickness  

6 7 = -  
U 

g 

( 5 2 )  

I-, is r e l a t e d  t o  

( 5 3 )  

w h e r e  u i s  t h e  a c t u a l  gas ve loc i ty  passing through t h e  node and is no t  t o  
be confused with the s u p e r f i c i a l  ve loc i ty  (v) employed f o r  p re s su re  drop ca l -  

c u l a t i o n s  ( E q .  ( 2 9 ) ) .  The a c t u a l  gas  ve loc i ty  i s  r e l a t e d  t o  t h e  gas flow 
r a t e  through t h e  node a s  follows: 

g 

where p g  is  t h e  py ro lys i s  gas dens i ty ,  E i s  t h e  in te rconnec ted  void volume 

poros i ty ,  and A is  t h e  l o c a l  c ross -sec t iona l  a r e a  p a r a l l e l  t o  t h e  hea ted  
su r face .  U t i l i z i n g  Equations (53), ( 5 4 ) ,  and the gas state  r e l a t i o n ,  

where R = un ive r sa l  gas cons t an t  and M = l o c a l  p y r o l y s i s  gas  molecular weight.  
9 

S u b s t i t u t i o n  of  Equation (55) i n t o  (50) r e s u l t s  i n  an express ion  f o r  t h e  pyrol-  
y s i s  gas carbon con ten t  leav ing  t h e  node i n  the presence of  forward coking 
r e a c t i o n s .  

1 
- E ~ / R T  nc+l  n gn 

RT 'n 
- (1 - nc)kce 
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where the subsc r ip t  coke s i g n i f i e s  t h e  gas  composition l eav ing  node n a s  a 
r e s u l t  o f  coking r eac t ions  alone. I t  i s  noted t h a t  t h i s  term must be rnodi- 
f i e d  i f  t h e  node i s  decomposing a t  t h e  same t i m e  it i s  r ece iv ing  carlmn from 
t h e  gas. Evaluation of  t h e  gas composition inc luding  a l l  e f f e c t s  i s  t r e a t e d  

subsequently,  i n  Sec t ion  4 .1 .2 .  Equation (56) i s  v a l i d  f o r  a non-unity re- 
a c t i o n  order ,  n # 1 . 0 .  For nc = 1.0, i n t e g r a t i o n  of  Equation (49)  and 
u t i l i z a t i o n  of  Equation (55) y i e l d s  

C 

Equations (56) and (57) r ep resen t  t h e  carbon content  of  t h e  gas  leav ing  t h e  
node which would r e s u l t  from forward coking r eac t ions  a lone  f o r  r eac t ion  
o rde r s  (n,) o f  non-unity and un i ty ,  r e spec t ive ly .  

The purpose of t h i s  s e c t i o n  is  t o  ob ta in  f i n i t e  d i f f e rence  express ions  
f o r  the  carbon content  change r a t e  of a node r e s u l t i n g  from forward coking 
reac t ions .  This i s  accomplished by i n t e g r a t i n g  Equation (17) over t h e  node 

and employing Equations (56) and (57) t o  r ep resen t  t h e  gas composition. 
Equation ( 1 7 )  re la tes  t h e  gas  composition change r a t e  t o  t h e  cha r  m a t e r i a l  
composition change r a t e .  

Rewriting Equation (17) y i e l d s  

I i g  $le + 

The f i r s t  t e r m  r ep resen t s  gas  
coking reac t ions .  The second 
a s  r e s u l t s  from decomposition 
t r e a t e d  above (Eq. (25 ) ) .  A t  

composition change as r e s u l t s ,  f o r  example, from 
t e r m  r ep resen t s  py ro lys i s  gas  flow r a t e  change 

of  r e a c t i v e  c o n s t i t u e n t s .  The l a t t e r  e f f e c t  w a s  
t h i s  p o i n t  it is  most convenient  t o  cons ider  

t h e  char carbon content  change a s soc ia t ed  with coking r eac t ions  a lone ,  and, 
f o r  t h i s  purpose t h e  second t e r m  may be ignored.  I n t e g r a t i o n  of  Equation (58) 

then  obtains  
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where t h e  i n t e g r a t i o n  is performed over  t h e  i n t e r v a l  from t h e  hottom t o  the 
t o p  of  node n. The  i n t e g r a l  on t h e  r i g h t  represents  t h e  t ime rate of chanqc  

of  carbon content  i n  t h e  node n a s  a r e s u l t  of coking r e a c t i o n s .  Perfarin- 

i n g  t h e  i n t e g r a t i o n  y i e lds :  

m $) - - - 
n ,  coke 

where the  s u b s c r i p t  “coke“ s i g n i f i e s  t h e  change r e s u l t i n q  from c u k i n y  alone,  

and i s  t h e  py ro lys i s  gas flow r a t e  en te r ing  t h e  node n ( l e a v i n g  
node n+l{. S imi l a r ly ,  
ing node n. The mass f r a c t i o n  o f  carbon i n  t he  gas l eav ing  node n due to 

coking alone,  x 
pending on t h e  r eac t ion  o rde r  f o r  coking (n,). 

gn+ N 

Kcgn+l r ep resen t s  t h e  composition of t.hc gas e n t e r -  

is  eva lua ted  b y  e i t h e r  Equations (56) o r  ( 5 7 )  de- C4n ) coke 

The mass change r a t e  of carbon i n  a node r e s u l t i n 9  from eros ion  by t h e  

py ro lys i s  gas ( r eve r se  coking) is  considered next .  

4.1.1.2.2.3 Reverse coking r eac t ions  

The py ro lys i s  gas composition change between two adjacent  nodes r e s u l t -  

i ng  from reve r se  coking r eac t ions  is obtained by d i r e c t  integratLon of Equa- 
t i o n  ( 2 8 )  which y ie lds :  

) 
Y 

- K  - N N 

K - K  - (‘cgEn cgEn+l cgn cgn+l 

Y 

where t h e  equi l ibr ium pyro lys i s  gas carbon content ,  1s elralciated a t  the 

l o c a l  temperature  and p res su re  of t he  designated nodes. S u b s t i t u t i o n  C J ~  the 

above i n t o  Equation (60) y i e l d s  t h e  des i red  express ion  f o r  r e v e r s t  i .ok ing  

r eac t ions .  
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I t  i s  noted t h a t  Equation (62)  i s  i d e n t i c a l  t o  Equation (60) with t h e  excep- 
t i o n  t h a t  t h e  q u a n t i t y  K is  now replaced  with - KcgEn. I t  w i l l  be 

C9n 1 coke 
most convenient t o  employ Equation (60) i n  both  events  with the  i n t e r p r e t a -  

t i o n  t h a t  t he  q u a n t i t y  Kcgn)coke 

t i o n  i n  t h e  gas leav ing  t h e  node n i n  t h e  presence of  coking r eac t ions  
(forward, o r  r e v e r s e ) ,  b u t  no t  cons ider ing  t h e  e f f e c t  of decomposition of 

r eac t ive  c o n s t i t u e n t s  i n  t h e  node n. For forward coking r eac t ions ,  
K C g ~ , )  > 0, Equations (56) o r  (57) a r e  employed t o  eva lua te  

i n g  upon t h e  coking r e a c t i o n  order ,  and f o r  r eve r se  coking, (Kcgn+l - KcgEn)S 0, 

Kcgn) coke = KcgEn. 

Y 

u 
r ep resen t s  t h e  elemental  carbon mass f r ac -  

Y 

(Kcgn+l - u Y 

depend- 
KC% ] coke- 
u 

N u 

4.1.1.3 Summary of  Rela t ions  f o r  Evaluat ing Mate r i a l  Composition 

The f i n i t e  d i f f e rence  r e l a t i o n s  developed i n  t h i s  s e c t i o n  a r e  summarized 

and combined here .  This  i s  accomplished by cons ider ing  t h e  n e t  change i n  
composition of  a node r e s u l t i n g  from a l l  events  taken c o l l e c t i v e l y .  Algebraic  
equat ions for t h e  mass of  each c o n s t i t u e n t  a t  t h e  end of  a t i m e  s t e p ,  A@, a r e  
given i n  t e r m s  o f  condi t ions  a t  t h e  beginning of  t h e  t i m e  s tep.  I n e r t ,  reac-  

t i v e ,  and carbon c o n s t i t u e n t s  a r e  considered f i r s t ,  i n  Sec t ions  4.1.1.3.1 
through 4.1.1.3.3, and a r e  followed i n  Sec t ion  4.1.1.3.4, by r e l a t i o n s  f o r  
t h e  t o t a l  nodal mass. 

4.1.1.3.1 I n e r t  c o n s t i t u e n t s  ( a  = I) 

Combining Equations (15) and (20)  f o r  i n e r t  c o n s t i t u e n t s  ( a  = I) y i e l d s  

U t i l i z i n g  Equation (44) t o  r ep resen t  t he  right-hand s i d e  and express ing  i n  
f i n i t e  d i f f e rence  form obta ins :  

where it i s  r e c a l l e d  t h a t  8 '  = e + @. Rearranging y i e l d s  t h e  d e s i r e d  r e l a -  
t i o n  for  t h e  mass of  i n e r t  c o n s t i t u e n t  i n  a node a t  t h e  end of t h e  t i m e  in-  
t e r v a l .  
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4.1.1.3.2 Reclctive c o n s t i t u e n t s  ( a  = r) 

The m a s s  o f  r e a c t i v e  (decomposable) c o n s t i t u e n t s  i n  a node a t  t h e  end 
of  a t i m e  s t e p  depends upon t h e  amount of decomposition and convect ion r e s u l t -  

ing from coord ina te  system motion. Subs t i t u t ion  of  Equations (44), (45) and 
(47) i n t o  Equation (15) y i e l d s  t h e  f i n i t e  d i f fe rence  express ion  f o r  a r e a c t i v e  
c o n s t i t u e n t  w i t h  r eac t ion  order  of  un i ty  

The mass of c o n s t i t u e n t  i i n  t h e  node a t  the end of t h e  t i m e  i n t e r v a l  is 

then  given by: 

m - - m + - - -  4.1 - m .  Ko [l + exp [k.e-Ei /RT~e)]  1 
i ne '  i ne 'n+l lo le 

The above equat ion  is  f o r  r e a c t i v e  cons t i t uen t s  having a u n i t y  r e a c t i o n  o rde r  
(ni = 1.0). Simi la r ly ,  f o r  c o n s t i t u e n t s  having non-unity r eac t ion  order ,  
Equations (15) ,  (441, (461, and (47) y ie ld :  

I 
- (1 - ni)k.e-Ei/RTAi] 1 

k ]  
I 

- (1 - ni)k.e-Ei/RTAi] 1 

k ]  
The t o t a l  mass of  r e a c t i v e  c o n s t i t u e n t s  i n  a node i s  given by: 

m = 1 mi 
ne '  nO ' r 

i=l, 2,3 

4.1.1.3.3 Carbon c o n s t i t u e n t s  ( a  = c) 

The m a s s  of carbon i n  a node a t  t h e  end of t h e  t i m e  s tep depends upon 
t h e  magnitudes of  convect ion,  decomposition, and coking. U t i l i z i n g  Equation 
(15), (44), (48) ,  and (60) ob ta ins  
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m = m  + - $1 i A 0  + 1 KZifmio(Kie 0 - KP ) 

ne 6n+l 0 ’  C ‘ne I 

i=l, 2 , 3  

- ) 1 A 0  ( 7 0 )  
cgn+l cgn coke 

are subject to several interpretations as and Xcgnl coke The terms 
follows. For a decomposable constituent, i, having a reaction order of unity, 
KP,, , , is given by Equation (45) 

KP 
8‘ 

and, for non-unity reaction order, Equation (46) is employed. 

(45)  

The following interpretations apply to the quantity Kcgn coke - 1  
and n C = 1.0 

6 M EnAn n gn 
’“ RT fi 

gn+1 

N + (Z N 

K = K  
‘gn cgEn 

and nc # 1.0 

r 

-E~/RT nc+l n gn 
- (1 - nc)kce ’n RT fn 

gn+1 
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Equations (56) and (57) r ep resen t  forward coking r eac t ions .  Reverse coking 
r e a c t i o n s  w i l l  occur when 

Kc9n I coke = KC9En' 

N (Xcgn+l - K C g ~ , )  = 0, and f o r  t h i s  ca se  
N N 

I t  is noted t h a t  t h e  equations presented thus f a r  i n  t h i s  summary s e c t i o n  
a r e  s u f f i c i e n t  f o r  r ep resen t ing  the  ma te r i a l  composition f o r  s o l u t i o n  of t h e  
pressure-drop and energy conserva t ion  r e l a t i o n s  t o  be presented  subsequently.  

Several  q u a n t i t i e s  r e l a t i v e  t o  ma te r i a l  composition and dens i ty ,  i n  a d d i t i o n  

t o t h o s e  presented  thus 
i n g  subsect ion.  

4.1.1.3.4 T o t a l  nodal 

The t o t a l  mass of 

where a = 1, r, and c .  
i n  a node are given by 

f a r ,  a r e  of i n t e r e s t  and a r e  descr ibed  i n  the  follow- 

m a s  s 

a node i s  given by Equation (10) 

P 

mn = man 
a 

The masses of i n e r t ,  r e a c t i v e ,  and carbon c o n s t i t u e n t s  
Equations (65) ,  (69), and (70), r e spec t ive ly .  A s  a 

ma t t e r  of convenience i n  i n t e r p r e t i n g  computer program output  it is  appropr i a t e  
t h a t  m a t e r i a l  composition be given i n  terms of i n t e n s i v e  r a t h e r  than extensive 

p r o p e r t i e s .  The d e f i n i t i o n  of nodal mass f r a c t i o n s  and nodal dens i ty  accom- 
p l i s h  t h i s  purpose. 

n ma 
Ka = - m n n 

f o r  a = I ,  r, o r  c ,  and t h e  nodal densi ty  

m 

Anbn 
- n 

P n  - - 

i s  given by 

( "  '! 

4.1.2 P y r o l y s i s  Gas Composition 

I n  t h i s  s e c t i o n ,  f i n i t e  d i f f e rence  r e l a t i o n s  f o r  py ro lys i s  gas composi- 
t i o n  and flow r a t e  are presented. Most of  t he  fundamental r e l a t i o n s  r equ i r ed  
f o r  c h a r a c t e r i z i n g  t h e  p y r o l y s i s  gas composition and flow rate were developed 

above i n  Sec t ion  4.1.1, and, as such, t he  development i n  t h i s  s e c t i o n  is r e l a -  
t i v e l y  s t r a igh t fo rward .  

The gas flow rate leaving a node, n, may be r e l a t e d  t o  the  gas flow rate 
e n t e r i n g  t h e  node and the  gas genera t ion  r a t e  i n  t h e  node by i n t e g r a t i n g  
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Equation (19) over a nodal volume. 

From which: 

11. is noted t h a t  d i f f e r e n t i a t i o n  of t h e  nodal mass i s  perfosmed a t  cons t an t  
y" and the re fo re  inc ludes  only t h e  nodal mass change rate a s soc ia t ed  with 
chemical r eac t ions .  These chemical re<ict ions may consist  of gas generation 
resu l  t i i i c j  from decomposition, o r  mass t r a n s f e r  r e s u l t i n g  from coking r e a c t i o n s .  

ami  

Y 
i=l, 2 , 3  

S u b s t i t u t i n g  E(.[untions (47) ,  (48) ,  and (60) i n t o  t h e  above y i e l d s ;  

m 
0 0 (1 - KZ ) (Ki  - Ki ) 0 

i 

i f  6' 0 n 
- m - m  

4 n gn+1 
i=l, 2 , 3  

r 1 

(75) 

w h e r e ,  a s  before ,  K P  

r eac t ion  order ,  and Kc2n)coke is  given by e i t h e r  Equations (56) and (57) 
is given by Equations (45) o r  (46) depending on 

Q 
N f o r  forward coking,or KcgnIcoke - - K C g ~ ,  f o r  r eve r se  coking. 

N 

The elemental  carbon content  i n  t h e  py ro lys i s  gas ,  K may be obtained 
cg' 

i n  a numbcr of ways. Pcrhnps t h e  most s t r a igh t fo rward  approach i s  tu cons ider  

t l i c  clcincnt-a1 carbon con t r ibu t ion  of  each of  t h e  t e r m s  i n  Equation ( 7 6 ) .  The 
gas  leaving t h e  node 

N 

n ,  has  a carbon con ten t ,  Kcgn, and t h e  gas e n t e r i n g  
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- 
has a carbon content  Kcgn+l.  

(76) r e p r e s e n t s  t h e  gas genera ted  i n  the node as a r e s u l t  of organic  decom- 

p o s i t i o n  r e a c t i o n s .  The carbon content  o f  t h i s  gas  i s  des igna ted  by 

The second term on t h e  r i g h t  sitlc o f  (.(1nation 

(KE, - K: 
5 - 1 i f  Lb carbon i n  gas - 

Lb gas generated K 
"io (1 - KE 

i f  

T h e  l a s t  t e r m  i n  Equation ( 7 6 )  r e p r e s e n t s  coking. The m a s s  t r a n s f c r  

i\'itli cokin$y I S  pure carbon by d e f i n i t i o n .  U t i l i z i n g  the above dcfin 

Eluat ion  ( 7 6 ) .  and performing an  elemental  carbon ba lance  on t h e  qas 

( 7 7 )  

assoc a t e d  
t i o n s  

r e s u l t s  

i n  an equat ion  f o r  t h e  elemental  carbon content  o f  t h e  gas l eav in ( j  t h c  node, 

" . 

m 

fi ( 7 8 )  -- 
gn 

4.2 CIIAR LAYER PRESSURE DROP 

I t  i s  desired t o  cas t  the p re s su re  drop c o r r e l a t i o n  Equation ( 2 9 )  i n t o  
a form inc luding  only  v a r i a b l e s  which a r e  r e a d i l y  a v a i l a b l e  from t h e  computa- 

t i o n  scheme f o r  s o l v i n g  t h e  m a s s  and energy conservat ion equat ions .  

The v e l o c i t y  of t h e  gas  pass ing  through the porous c h a r  i s  re la ted  t o  

t h e  gas  f l o w  r a t e  p e r  u n i t  a r e a  by  Equation (30 ) .  In t roducing  t h e  gas s t a t e  
equat ion  ( P  = p RT/M ) i n t o  Equation (30) y i e lds :  

9 9  

I t  i s  convenient  t o  d e f i n e  a v i s c o s i t y  l a w  f o r  the p y r o l y s i s  gas 

T n  
= u o [ T - )  

wherc LL an11 To rey,r(zsent a re ference  v i s c o s i t y  and r e f e r e n c e  t rrnpcrdtiire. 
0 
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Subs t i t u t ing  Equations (79) and (80) i n  (29)  y i e l d s  t h e  fol lowing r e l a -  

t i o n  for a l i n e a r  p re s su re  drop  ac ross  a node, n. 

where the c o e f f i c i e n t s  a ,  @ ,  a r e  func t ions  of  t h e  l o c a l  char  permeabi l i ty .  
The pressure a t  t h e  t o p  of  node 1 ( t h e  hea ted  su r face  node) i s  taken  equal  

t o  t h e  prescr ibed  boundary l a y e r  edge p res su re  (P1 = P e ) .  The p res su re  a t  
t h e  top  of  any o the r  node is  r e l a t e d  t o  t h e  p re s su re  drop ac ross  and p res su re  
a t  t h e  t o p  of t h e  node above it. 

Pn = 

o r  

n- 1 

i=l 

The computation may be performed i n  an e x p l i c i t  manner, t h a t  is, a f t e r  ob ta in-  
i n g  so lu t ions  of t h e  energy and mass conserva t ion  equat ions,  a s i n g l e  pass  
through t h e  nodal network from hea ted  su r face  (n = 1) t o  t h e  v i r g i n  mat-erial  
y i e l d s  the  pressure  d i s t r i b u t i o n  e n t i r e l y  i n  t e r m s  of condi t ions  e x i s t i n g  a t  
t h e  end of  the  previous t i m e  s t ep .  The s o l u t i o n  corresponds t o  a s snminq  a n  
impermeable boundary condi t ion  a t  t he  r e a r  face  of  t h e  a b l a t i v e  ma te r i a l .  The 
summation i s  performed j u s t  t o  t h e  v i r g i n  ma te r i a l  s i n c e  below t h i s  poin t . ,  

4.3 ENERGY CONSERVATION 

A modified d i f f e r e n t i a l  formulat ion of t h e  subsur face  energy conserva- 
t i o n  equation was developed above, i n  Sec t ion  3.3, and i s  represented  by 

Equation (43). 

F i n i t e  d i f f e rence  formulat ion of Equation (43 )  i s  r e l a t i v e l y  s t ra ight forward .  

The primary f e a t u r e s  which d i s t i n g u i s h  between va r ious  poss ib l e  formulat ions 
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a r e  a s soc ia t ed  with whether an i m p l i c i t  o r  e x p l i c i t  s o l u t i o n  i s  des i r ed .  
F i n i t e  d i f f e r e n c e  formulations corresponding t o  s o l u t i o n s  which a r e  e x p l i c i t  
and i m p l i c i t  with r e s p e c t  t o  temperature are given here. 

Based upon t h e  s a t i s f a c t o r y  accuracy checks f o r  t h e  forward d i f f e r e n c e  
formulation presented  i n  Reference 1, t h e  same basic d i f f e r e n c i n g  philosophy 

i s  adopted he re ,  and r e s u l t s  i n  t h e  following f i n i t e  d i f f e r e n c e  i n t e r p r e t a t i o n  
f o r  Equation ( 4 3 ) .  

I 
(Tn-1 - Tn) e 
‘n-1 + ‘n 

2kn-1An-l 2knAn 

a0 T = T  + 

a=I,  c, r n 

a=c,r L 

where 

y, decom coke Y 
a=c , r 

is given by Equation (48) 2) y, decom 

is  given by Equation (60) 
coke 

a m .  
and $) is  given by Equation ( 4 7 )  

Y 
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The enthalpy of c o n s t i t u e n t ,  a ,  is  given by: 

I r 

The mass f r a c t i o n  is given by Equation ( 7 1 )  

m 

m 
a 

n a 
n - Ka - - 

T r  
The heat  of formation of c o n s t i t u e n t  a ,  AHfa is  an inpu t  cons t an t  and t h e  

i s  a funct ion of temperature alone. The p y r o l y s i s  gas s p e c i f i c  h e a t ,  C 

flow r a t e ,  m i s  given by Equation (76),  and t h e  p y r o l y s i s  gas enthalpy, 
hg, i s  considered t o  be a funct ion of temperature,  p re s su re ,  and elemental  

carbon content ,  Kc . Various models may be employed t o  r ep resen t  t h e  pyroly- 

sis gas enthalpy,  2 s  f o r  example t h a t  descr ibed  earlier i n  Sec t ion  2. 

ever  model i s  s e l e c t e d  t o  r ep resen t  t h e  p y r o l y s i s  gas molecular conf igu ra t ion ,  
and hence i t s  en tha lpy  a t  a given temperature,  it would seem t h a t  t h e  param- 
e t e r s ,  P ,  T, and Kc w i l l  be required t o  c h a r a c t e r i z e  t h e  p y r o l y s i s  gas 
enthalpy. S e l e c t i o n  of a model t o  r ep resen t  t h e  thermal conduc t iv i ty  i n  t h e  
charr ing m a t e r i a l  has  not  been given d e t a i l e d  cons ide ra t ion .  Cursory exam- 
ina t ion  suggests  t h a t  t h e  primary f a c t o r s  t o  be considered i n  c h a r a c t e r i z i n g  
t h e  thermal conduc t iv i ty  would be t h e  r e l a t i v e  mass of each c o n s t i t u e n t ,  
t h e  porosi ty ,  and t h e  temperature. Such a model has  been pos tu l a t ed  and 
v e r i f i e d  t o  a c e r t a i n  e x t e n t  (Ref. 9) f o r  p a r t i a l l y  degraded organic  re in-  

forced a b l a t i v e  m a t e r i a l s .  The same fundamental approach may y i e l d  r e a l i s t i c  
c o r r e l a t i o n s  f o r  "coked" chars  a s  w e l l .  Evaluation of t h e  remainder of t h e  
terms i n  t h e  energy Equation (84) i s  apparent  from an examination of  t h e  geo- 
me t r i ca l  conf igu ra t ion  be ing  analyzed (Fig.  2) and t h e  nomenclature l i s t .  

Pa' 
g, 

N 

What- 

N 

g 

K,, 

Impl i c i t  formulation of t h e  energy equat ion  is  most conveniently accom- 
pl ished i n  t h e  same manner as reported i n  Reference 1 by l i n e a r i z i n g  t h e  non- 
l i n e a r  terms. The following r e l a t i o n  i s  obtained. 

A 0 

+ 
T = T  + 

"0' 

a= I ,  c ,  r 

(Equation continued on following page) 

36 



(Equation continued from preceding page) 

The s p e c i f i c  h e a t s  appearing i n  Equation (87) may be eva lua ted  d i r e c t l y  from 
an inpu t  t a b u l a t i o n  f o r  t h e  ma te r i a l ,  Cpa, and, f o r  t h e  gas,  t h e  s p e c i f i c  h e a t  
is obta ined  by numerically d i f f e r e n t i a t i n g  the inpu t  gas  en tha lpy  d a t a  f o r  
the tcmpcratiiJc a r id  p r e s su re  a t  t h e  node, n. Equation (87) is  i m p l i c i t  i n  
temperature and e x p l i c i t  i n  m a s s ,  t h a t  is ,  the mass t r a n s f e r  even t s ,  which 

a r e  temperature dependent, a r e  eva lua ted  a t  t h e  "old" temperature ( a t  e ) .  
This  type o f  t rea tment  has  been found t o  be q u i t e  s a t i s f a c t o r y  f o r  numerical 
c h a r a c t e r i z a t i o n  of s t r a i g h t  decomposing mater ia ls .  It is d i f f i c u l t  t o  a s ses s  

t h e  adequacy of t h i s  type of formulation for t h e  problem be ing  considered 
h e r e  s i n c e  t h e  k i n e t i c  c o e f f i c i e n t s  f o r  cha rac t e r i z ing  t h e  coking r e a c t i o n s  
a r e  not  p r e s e n t l y  i n  hand. 

Equations (84) and (87) a r e  appropriate  f o r  a l l  nodes i n  t h e  a b l a t i o n  
m a t e r i a l  except t h e  hea ted  su r face  node, n = 1. Treatment of t he  hea ted  s u r -  
f ace  boundary cond i t ion  may be accomplished i n  t h e  R a m ?  mmiier a ~ ,  descr ibed  

i n  Reference 1 where it i s  shown t h a t  t h e  surface (char)  mass r eces s ion  rate 
may be r e l a t e d  t o  t h e  su r face  temperature,  su r f ace  p re s su re ,  p y r o l y s i s  off-  

gas  r a t e ,  and boundary l a y e r  m a s s  t r a n s f e r  c o e f f i c i e n t .  

where 

t i o n a l  parameter is  needed, t h e  p y r o l y s i s  gas composition, which may be rep- 
r e sen ted  by t h e  p y r o l y s i s  gas elemental  carbon content.. 

B; = Ac/peuec# , B' = r"d p u C A. In  t h e  p r e s e n t  a n a l y s i s ,  one addi- 4 e e M  
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Exept f o r  t h i s  d i f f e rence ,  t h e  su r face  boundary cond i t ion  eva lua t ion  may be 

t r e a t e d  i n  t h e  s a m e  manner a s  descr ibed  i n  Reference 1. 

SECTION 5 

SUMMARY AND CONCLUSION 

The probable importance of subsurface coking r e a c t i o n s  has  been i d e n t i -  

f i e d  and a phenomenological model t o  r ep resen t  energy, m a s s ,  and momentum 
t r a n s f e r  events  i n  a cha r r ing  a b l a t i o n  m a t e r i a l  undergoing coking r e a c t i o n s  
has  been pos tu l a t ed .  D i f f e r e n t i a l  equat ions w e r e  developed t o  r ep resen t  a 
mathematical analog of t h e  phenomenological model and t h e  equat ions w e r e  
c a s t  i n t o  f i n i t e  d i f f e r e n c e  form s u i t a b l e  f o r  coding i n t o  a computational 
scheme. 

The phenomenological model i s  based upon d ci.rtain armlint 01 con jec tu re  

because s u f f i c i e n t  q u a n t i t a t i v e  experimental  obscrv<itions t o  construct a 
rigorous model do not  p r e s e n t l y  e x i s t .  P a r t  of t h e  motivation behind conduct- 
i ng  the s tudy presented  h e r e i n  has  been a d e s i r e  t o  i d e n t i f y  t h e  parameters 
and groups of  parameters which r e q u i r e  experimental  eva lua t ion ,  s ince ,  i d e a l l y  
t h e  parameters which a r e  c o n t r o l l e d  and measured i n  an experiment may be d i -  
r e c t l y  r e l a t e d  t o  t h e  parameters required a s  i npu t  t o  a computational scheme. 
The phenomenological model presented  h e r e i n  i s  be l i eved  reasonable  and t h e  
f i n i t e  d i f f e rence  r ep resen ta t ion  is  be l i eved  appropr i a t e  f o r  developing an 
e f f  i cient compu t a t i o n a  1 scheme. 
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Figure 2.  Geometrical Configuration and Coordinate 
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APPENDIX A 

DEVELOPMENT O F  RATE EQUATION FOR CHARACTERIZING 
DECOMPOSITION O F  ORGANIC CONSTITUENTS 

The decomposition r a t e s  of organic  c o n s t i t u e n t s  u t i l i z e d  i n  a b l a t i v e  

mater ia ls  have been s u c c e s s f u l l y  c o r r e l a t e d  i n  t e r m s  of k i n e t i c  equat ions of 
t h e  Arrhenius form (Refs. A-1  and A - 2 ) .  The purpose of t h i s  appendix i s  t o  
develop a k i n e t i c  equation of a form convenient f o r  i nc lus ion  i n  a cha r r ing  
mater ia l  response c a l c u l a t i o n  procedure i n  terms of q u a n t i t i e s  r e a d i l y  de- 
r ived  from TGA da t a .  

TGA d a t a  a r e  normally i n t e r p r e t e d  i n  terms of an i d e a l i z e d  i r r e v e r s i b l e  
react ion of t h e  form 

k f  m - r m  + m  
c g  (A-1)  

where m r ep resen t s  t he  instantaneous sample weight which i s  decomposing t o  
form a carbonaceous r e s idue ,  m and p y r o l y s i s  gas,  m The TGA d a t a  a r e  
c o r r e l a t e d  b y  an equation of t he  form 

C' g' 

where 

m = instantaneous sample weight 

m = i n i t i a l  sample weight 

m c f  = f i n a l  weight of carbonaceous r e s idue  a f t e r  decomposition 

k f  = pre-exponential  cons t an t  f o r  t he  r e a c t i o n  

n = r e a c t i o n  order  

0 

E = a c t i v a t i o n  energy 

The react ion r a t e  c o e f f i c i e n t s  i n  t he  above equat ion  a r e  der ived  d i r e c t l y  
from TGA d a t a ,  however, t h e  equation i s  not  s u i t a b l e ,  i n  i t s  p rescn t  form, 
f o r  inclusion i n  a computational scheme where cons ide ra t ion  i s  cjilren t.o '1 

number of simultaneous decomposition r e a c t i o n s .  This i s  the  casc bccaiis;c 

Eq. 
mixture of c o n s t i t u e n t s  i s  considered, each cha rac t e r i zed  by Ecl. ( A - 2 )  , t h c i i  

it would be necessary t o  keep t r a c k  of t he  carbon r e s idue  t h a t  has resiiltcL1 
from decomposition of each c o n s t i t u e n t .  This r e q u i r e s  e x t r a  computLit i t m a 1  

e f f o r t ,  which, as w i l l  be shown, i s  no t  necessary.  i t  is des i r ed  t L i  L ~ X ~ ~ S P ~ ~  

( A - 2 )  con ta ins  t h e  carbon r e s idue  mass ( m  c f ) .  I f  decompositii)n L ~ K  d 
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t h e  decomposition r a t e  of each r e a c t a n t  i n  terms of t h e  r e a c t a n t  mass r a t h e r  
than t h e  t o t a l  m a s s  of r e a c t a n t  and char  res idue.  I n  Eq. (A-2) t he  t o t a l  

mass a t  any i n s t a n t ,  m, r ep resen t s  t he  mass of undecomposed r e a c t a n t ,  mr ,  

p lu s  the mass of char  r e s idue ,  m . 
C 

m =  m + m  (A-3) r C 

The sketch below d e p i c t s  t he  masses m and m as a funct ion of t h e  t o t a l  
mass, m 

r C 

m 
0 

c f  m 

0 

decomposition 
4 

c f  m 

m 

m 
0 

I t  is  noted t h a t  i n i t i a l l y ,  before  decomposition, 

m =  m r 0 
m =  

and f i n a l l y ,  a f t e r  decomposition is  complete 

c f  = mc m =  m 

The r a t e  of consumption of r e a c t a n t  may be r e l a t e d  t o  t h e  t o t a l  mass loss  
r a t e  a s  follows 

U t i l i z i n g  t h e  above sketch it i s  noted t h a t  

m 
- -  (A-5) 
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Substituting (A-4) in (A-5) yields 

Substituting (A-6) in (A-2) results in an expression for the rate of reactant 
consumption 

n m m - m  -E/RT 

Rearranging and integrating Eq. (A-5)  obtains 

from which 

m - m  cf = ( mo iOmcf )m r 
Substituting in Eq. (A-7) yields 

1-n n m si?) = - kfe -E/RT (mo -Omcf) (e) 

(A-7)  

(A-9)  

(A- 10) 

The above is the desired form of the decomposition rate equation for a system 
having several reactive constituents because it contains neither the total 
mass, m, nor the mass of char residue at any instant, mc. 
Eq. 
residue resulting from each of a number of decomposition reactions. 
the decomposition rate clearly depends upon the quantity of reactant present 
and not upon the quantity of carbon previously formed from the reaction, 
Eq. (A-10) is simpler to use in a computational scheme. 

Utilization of 
(A-2) directly would require keeping track of the quantity of carbon 

Since 

Rewriting Eq. (A-10)  for the ith reactant and defining mass fractions 
on the basis of the initial mass, m yields 

0' 
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where 

dKP -E JRT n .  -1 n 
de - - k f i e  
- -  

(mi/mio) mass of i pe r  u n i t  mass of i p r i o r  t o  

decomposition 

(mc. /mio) m a s s  of carbon residue a f t e r  complete 

decomposition p e r  u n i t  m a s s  of i p r i o r  t o  decomposition 
I f  

(A-11) 

I t  i s  noted tha t  both  kf i  and a r e  constant  f o r  a given r e a c t a n t ,  
and, as such, it is convenient  t o  combine them i n t o  a s i n g l e  e f f e c t i v e  ra te  
c o e f f i c i e n t ,  ki. 

Kci f 

dK -Ei/RT ni 
dO = - kie (Ki) 

where 

ki - - k f i [ l  - KZ 
i f  
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